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As part of an assessment of research needs in the space
prime-power area, a special conference was convened at the

Omni International Hotel in Norfolk, VA, 22-25 February 1982.

The intent of the Conference was to review the state-of-the-

art of space prime-power technology, including new or

advanced concepts, and to discuss research needed for progress

toward megawatt power levels. The Conference was attended by

over 190 scientists and engineers from universities, govern-

ment, and private organizations. Over eighty papers were

& presented, including discussions of chemical, nuclear and

f radiant energy techniques, power conversion, heat rejection,

* materials, chemical and fluid physics, and also reviews of

___power requirements for future NASA and DoD systems.

The Special Conference on Prime-Power for High-Energy

Space Systems provided a useful opportunity for research

scientists-and technologists to educate each other on

problems and progress in space prime-power. Although the

AFOSR interest is basic research, the Conference also served

as a forum for description of systems, concepts, and programs

with particular mission requirements, and for discussion of

research in support of specific devices or needs. The

proceedings of the Conference, (consisting of over 1700.

pages of text and view graph copies), were compiled and

distributed to Conference attendees.
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A Proposed Optical Pumping System Requiring No Electrical Power

A method is available for optically pumping a fluid without electrical
power. The method is based on utilizing the radiation from a metal-oxidant
combustion reaction that is contained within a transparent tube that is
immersed in the medium to be pumped. The reaction initiation and maintenance
occurs by gas dynamically induced resonance within the transparent cavity.
All that is required is a supply of high pressure oxidant and metallic
powder. Materials that have been successfully evaluated to date include
aluminum, steel, magnesium and titanium.
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A Proposed Optical Pumping System Requiring No Electrical Power

Bert Phillips
NASA-Lewis Research Center

Cleveland, Ohio

Fig. 1. In the figure is shown an apparatus for generating a source of high
intensity light without the need for electrical power. The principle
of operation is that a source of high pressure gas, such as oxygen,
is flowed into the inlet tube. The resulting large pressure ratio
(30:1) in the exit flow tube generates oscillations in the
underexpanded choked jet which, in turn, couples with the transparent
cavity opposite the inlet tube. If particulate matter is introduced
into the inlet stream, a portion of it will be trapped in the cavity
and readily ignited. The combustion reaction, which will be
localized in the lower part of the transparent cavity, will emit
light characteristic of the particular transitions associated with
the combustion reaction. No other supply of energy is needed.

Fig. 2. In this figure, light is emitted from pure aluminum/oxygen
reactions. The effect is similar to a continuous photographic flash
lamp. The tube in the case was uncooled quartz. Translucent alumina
and vycor have also been used. In addition to aluminum the following
metals have been ignited: titanium, iron, magnesium, steel. Any
metal that can react with the gas will, in all probability, burn
within the cavity.

Fig. 3. In this figure, a lucite resonant cavity configuration is shown. The
light is from reacting aluminum. If the cavity were to be immiersed
in a flowing or stationary gas that could be optically pumped to a
population inversion, lasing should readily occur. The optical
pumping will occur as long as the gas and metallic powder is supplied.

Fig. 4. In this figure, the ignition characteristics of aluminum powders are
shown as a function of inlet oxygen pressure and without use of
aluminum within the tube. In the preliminary experiments shown, the
particulate material was inserted within the tube prior to flow
initiation. A small scale powder feeder could have been readilyj inserted between the inlet valve and the resonant cavity.

Fig. 5. In this figure, a comparison of analytical and experimental data is
shown for the heating of the gas in the resonant cavity. The1 analysis is based on shock type heating with losses to the side and
end walls, friction, and a coupling between the shock strength and
the gas temperature. The major mechanisms operative in the tube have
been identified in order to permit optimization for particular

applications.
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Q & A -B. R. Phillips

From: Roy Pettis

Can this optical source be scaled to high powers for use
in pumping lasers, for example I*? Comment on the limita-
tions of this technology for high-power (peak & average)
applications.

Answer:

From: P. J. Turchi, R & D Associates

What is the efficiency of radiant output power from the
source: radiant owe =

Ccmical + mech.
power used)

Answer:

ii

I
I
I
U
I
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AND POTENTIAL APPLICATIONS

FOR NUCLEAR PUMPED LASERS

by

George H. Miley

Fusion Studies Laboratory

University of Illinois

214 Nuclear Engineering Laboratory

103 South Goodwin Avenue

Urbana, Illinois 61801

Conference on Prime Power for

High-Energy Space System

Norfolk, VA

February 22-25, 1982

VI-7



Status, Research Requirements and Potential Applications for
Nuclear Pumped Lasers

by

George H. Miley
Fusion Studies Laboratory
University of Illinois

214 Nuclear Engineering Laboratory1. 103 South Goodwin Avenue
Urbana, Illinois 61801

Abstract

Mechanisms and various approaches to nuclear pumping of lasers are

reviewed. Experimental results to date (including various noble gas lasers

and more recent N2-He-CO 2 and 02(iA)-I 2 transfer lasers) are

briefly noted. Both physics issues (e.g., electron energy distributions)

and technology issues (e.g., coatings vs. UF6 neutron interaction regions)

are identified. Finally, considerations involved in potentially attractive
I applications such as space nuclear-laser systems and neutron-feedback

inertial confinement fusion are outlined.

II
I
I
I
S
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Outline

What is nuclear pumping?

Why nuclear pumping?

Status (experimental/theoretical)

Potential applications (systems studies)

Some R & D requirements
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What is Nuclear Pumping?

Neutrons from a reactor or other source interact with material such

Ias 10 r 235U in the laser medium causing nuclear reactions

(see Fig. 1). The resulting high-energy (MeV) ions interact with the

medium, producing the "pump" action.

I The materials that undergo nuclear reactions can be either placed on
the inner surface of the container holding the laser medium or mixed

j A throughout the volume. The present talk will concentrate on gas Lasers

although similar techniques might be applied to liquids or solids.

I Radiation damage becomes a severe limitation in the latter cases.

Consequently, most of the work to date has concentrated on nuclear pumped

gas lasers.

VI7-
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Fiq. 1. Methods for performing nuclear-pumped laser experiments.

B1. h" na) Li OR U235(n,f)FF

NEUTRON FLUX REACTOR

LASING GAS U135 or 810 COATING

Surface Pumping

I e3 (n, p)H , UF62B3

NEUTRON FLUX REACTOR

He -LASING GAS
Volume Pumping

Volume sources ultimately offer ultra-larqe volume, hiqh

pressure excitation.

VI-7-4
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Volume sources such as UF6, BF3 or 
3He provide the highest

pumping power density. However, since they must be compatible with the

laser medium and not interfere with lasing, surface coatings of 10B

or U are simpler to use.

A bulk of the experiments to date have employed surface sources and

modest pressures (< 1 Torr). Under these conditions the energy

deposition rate in the laser medium during a pulse is typically < 1

kW/cm 3 (Fig. 2), a fairly modest value compared to some electron beam

experiments. As indicated in Fig. 2, next stage experiments using volume

source techniques shou'i achieve 10's of kW/cm 3 . Also, high pressure

experiments (> 5 atm) in principle, should be able to achieve multi

MW/cm 3 provided that suitable laser media can be developed which won't

deteriorate at high deposition levels. In addition, the energy

deposition for nuclear pumping can be very large for pulsed lasers.

Steady-state operation at lower powers however, is possible for selected

lasers. Thus, as seen later in the discussion on applications, the use

of an energy storage medium [e.g., 02 (16)] can, in principle, lead

to nuclear-pumped lasers with "record" energy output per pulse.

VI-7-5
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Figure 2

Typical Peak Deposition Rates For 3lie and 235U

Sotirces Coupled to a Fast Burst Reactor

Situation Pcak Sower Deposition,
kW/cm

3 11-Ar Laser 1 kW/cm 3

Experimeut at 4 atm
Volume Source

Concrptunl reactor -'20 kW/cm1

design, CO at I atm, (-2 kJ/Z per pulse)
U-cc;a ted p I a tr-s
Surface Sourcu

Conceptual mixture -90 kW/cm3

with 150 Torr 235U (-9 kJ/L per pulse)

Volume Source

* Very large power densities possible with high pressure

volume sources, e.g., > 1 MW/cm3 for p > 5 atm.

e Uniquely suited to large energy densities per pulse.
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Why Nuclear Pumping?

In situations where the source (e.g. a nuclear reactor or even a

radioisotope) and the laser medium are natur.ally combined, r,,clear

pumping offers a direct conversion from nuclear to laser energy,

bypassing the need for intermediate conversion to electricity. This

offers the opportunity for compact, efficient systems with a high energy

output (Fig. 3). The elimination of electrical conditioning/switching

gear offers improved reliability while the nuclear source implies a

self-contained, long lifetime system.

I
I

I

I
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Figure 3

WHY NUCLEAR PUMPING ?

I. HIGH ENERGY DENSITYX HIGH ENERGY

LARGE LASER VOLUMEJ LASER

2. INTEGRAL LASER ,,,I COMPACT

AND ENERGY SOURCE N HIGH SYSTEM

EFFICIENCY
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What mechanisms are involved in the pumping? Is it unique?I
Generally, most of the excitation of the laser gas is due to

J secondary electrons produced by interaction with the MeV ions. A$

indicated by the c3lculated electron energy distribution shown in Figure

4, a characteristic feature is the "high-energy" tail combined with a

large thermalized (Maxwellian) electron population. In some cases,

e.g/ pumping of 02 (1A), the high-energy tail plays a key role by

pr viding a source of electrons in the - 10 eV range. In other cases,

e.g., the Ne-N 2 laser, the large cold Maxwellian population leads to

excited states via recombination. A third possible route to utilization

of nuclear pumping takes advantage of the relatively large ion density in

the plasma created under irradiation and operates on charge-exchange. An

example is the He-Hg laser, the first nuclear pumped laser operating with

visible output.

j While the mechanisms involved in nuclear pumping share many features

with electron and ion beam pumping, considerable effort is necessary to

Icreate a situation where the latter can fully simulate the electron
distribution created in nuclear pumping. Indeed, when all the variables

(distribution, energy and power density, etc.) are considered, the use of

a pulsed research reactor appears to be the best approach for such

studies, although supplemental e and i - beam kinetics studies may still

3 be helpful.

I
I

VI 7-
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Figure 4. The unique electron energy distribution created by
nuclear pumping.

-C ALOLAED
DISTRIUTION

10? - MAXWELI.A

I THERMALIZED

-0t DIs STRIBUTION

NORMALIZED
NASCENT
ELECTRON
SOURCElkSPECTRU~M

,4t

I \ j
io

a  
10-3ItI

O REGION OF MAIN
CONTRIBUTION
TO IONIZATION-
EXCITATION

IaO-IO
z  

iO" I 10 0* I0*

ENERGY (oV)

e Pumping largely associated with unique secondary electron

distribution.
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Reactors for Nuclear Pumping Studies

I
Both fast burst and pulsed TRIGA reactors have been used for NPL

I experiments and characteristics for both reactors are compared in Fig.

5. The fast burst reactor gives a higher peak flux, while the TRIGA is

more accessible and can provide more pulses (hence more data) per day.

The TRIGA's flux is adequate in the sense that it is roughly equivalent

to that expected in a practical system. In addition, the energy per

pulse from the TRIGA, which is equally important to nuclear pumping, is

actually larger than from a fast burst reactor.

I
I

VI -7-11
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Figure 5. Characteristics of Reactors Used for NPL Studies

TRIGA Fast Burst

type reactor thermal fast

core materials 235U,ZriI, 1120 2 3SU alloy

pulse FII 0 ~ msec > 50 Wisec

peak neu-.ron flux -5x10 sn/cm -_sec -10 18n/cm -_sec*

energy/pu s a -30 MWV-sec -3 M11-sec

After therma1 izition, as required for INP. stud ies, the peak flux
is rcduccil by an order of magnitude and the HVIINI incrcascd by -3
or more. In present experiments, thcrmalization is accoin-
plished using a thin polyethylene cylinder arounId the laser tube.

TRIGA offers more data/day, larger energy/pulse lower neutron flux.

VI-7-1
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Current Status

Most nuclear pumped lasers reported to date are summiarized in Fig. 6

However, NPL research was severely cut back in the past year since major

funding th-,ough NASA-Langley was stopped. (This decision by NASA was

based on the lack of a near-term mission rather than concern about

progress.) A majority of the experiments have been done by NASA-Langley

(R. DeYoung), U. of Florida (R. Schneider) 4ind U. of Illinois (G.

Miley). A few experiments were also carried out at Sandia and Los

Al amos.

The maximum power output achieved to date is - 1 kW from a 3He-Ar

"box" laser developed by NASA which demonstrated the volume scaleability

of nuclear pumped lasers. Since, most studies have concentrated on the

kinetics of a certain system rather than attempting to produce high

power/energy outputs, greater power outputs have not been obtained. In

addition, the noble gas mixtures, which have been extensively studied,

are not good candidates for high power/energy lasers.

The scale-up to high power/energy will require larger volumes and

special geometries in order to intercept large fractions of the neutron

flux. This implies an expensive apparatus (and is a technology issue vs

a reaction kinetics issue) which no one has been commnissioned to

undertake thus far. Consequently, the listing of lasers studied to date,

while important, has little relevance to the topic of high power which is

of interest in this conference. A new dedicated program would be

necessary to attack this issue.

VI-7-13
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Figure 6. LASERS TO DATE

Laser Pumping Wxvelength Thermal Neutron FWHM Peak
Reaction Flux Threshold of Pulse Power

(n/cm2-sec)

(i) 7 0 1
He-Hg B(n,a) Li 6150 A " I x 1 .400 msec 1 MW

CO 2 35U(nf)ff 5-1-5.6 um ' 5 x lO16  .05 msec > 2 W

He 3-CO 3He(n,p)T 5-1-5.6 Um > 30 W
(2) 235U .11me1 >5 Om

He-Xe U(n,f)ff 3.5 im 3 x .15 msec > 10 MW

5() 10 U(n,f~ff 8629 A I x 1015 6msec > 10mWNe-N 2  ""B(n,c;)'Li 9393 A

3he-Xe ) 3He(n,p)T 2.027, 3.508, " 1 x 1016 .3 msec < 10 W
3.652 i

He,Ne, (4)  10B(n,a)7Li 1.45 U.m 2 x I014 6 msec 10 0 mW
Ar-CO2

He,Ne-CO t4 Is

3He-Ne (j 3He(n,p)T 6328 1011 cw > 10 mW

3He-Ar' 3He(n,p)T 1.79 pm 1 x 1016 .12 msec > I KW

3He-Xe 3He(n,p)T 2.63 )1 3 x 1016 " .05 msec > 200 W

10 7 14
He-N 2-C02  B(n,a) Li 10.6 m 10 1-3 msec > 100 W

* Verified scientific feasibility.

* Concentration thus far on kinetics and not on power/energy demonstration.
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Current Studies

With the shutdown of the NASA program, the number of laboratories in

the U.S. working on NPLs is very limited as seen from Fig. 7. Some NPL

studies are in progress in Europe. Also, the Russians have worked in

this area for a number of years but little is known about their efforts.

(To illustrate the importance placed on NPL's in Russia, we note that

members of the original research team subsequently received the Lenin

prize for their work). The two Russian studies listed in the table are

based on abstracts submitted for the May 1982 IEEE Plasma Sciences

Conference in Ottawa, Canada.

The remaining studies in the U. S. are largely directed at the dual

medium approach (i.e., nuclear pumping is carried out in one medium and

the energy transferred to a second medium). In the U. of Illinois

studies, for example, 02 is pumped to form 02('A) which flows out

of the irradiation zone and is subsequently mixed with iodine. In other

work, the first medium effectively serves as a flash lamp, photolytically

pumping the second medium. An advantage of the dual media approach is

that it avoids input radiation (and in the case of volume pumping,

additives such as UF6) in the laser medium itself which can result in

quenching of lasing action. In the specific case Of 02-12, the

020A) and the transit flow time provide a very effective energy

storage mechanism between reactor pulses.
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Figure 7. Current Studies

Laser Wavelength Place Approach Comments
Systems

020M-12  1.31mm U.of Ill. modeling Both modeling and experiments
(U.S.AFWL) experiments suggest efficient operation.

(TRIGA) Energy storage in 02(0A).
Production efficiency measure-
ments in progress

N2-CO2  10.6Am U.of Ill. modeling Lasing originally demonstrated
experiments by U.of Fla.. Vibrational states
(TRIGA) efficiently pumped. Energy

storage in N20=1,8). Laser
studies in progress.

Rare Gas U.of Mo.- modeling Steady state data for RGH
Halide Columbia experiments systems. Modeling of photon
Fluorescer (MURR) transport for energy focussing,

and chemical synthesis.

RGH U.S. Army simulations Study of mechanisms
Huntsville (accelerator)

XeF(C-A) 460nm Wayne State modeling Direct gamma ray pumping and
U.S. Army gamma ray pumped liquid Xe

fluorescer for photolytic
pumping of XeF2

RGH and NPL Corp. modeling Modeling of RGH flourescer
Metal Halides coupling to RGH laser or

metal halide laser with energy
focussing.2 3 hotolytic driver
pumped by U dust.

CO,CO2  5.1-10.6Mm Academy of experiments Nuclear enhanced discharge work.
Science (steady
Kazakh,USSR state reactor)

He-Xe 2.69m Academy of experiments Pumping with 235U coatings.
Science (pulsed Power output exceeds 250W
Lenningrad reactor)
USSR

RGH,0 2(IA) Academy of experiments Work in progress
Sci. Moscow (acceleritor)
USSR

NeN2  8629,9393A U.of Paris experiments Simulated NPL with proton beam.
Orsay (accelerator,5 steady state)

Noble gases U.of experiments Simulated NPL
Stuttgart (accelerator)

VT-7-17
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Advanced Work (cf Figure 8)

Thus far, little effort has been expended on systems that would

potentially lead to high power/energy systems of interest here. Some

"advanced work" that might fall into this category is shown in Fig. 8.

If high power/energy lasers are truly the goal, a dedicated program is

needed to first sort out directions and then develop a data base. Some

possible routes are already apparent however. For example, energy

storage in a medium such as 02(1A) followed by a "Q-switched" laser

is one approach. Another is to use a very effective volume source (e.g.,

uranium "dust" pellets) in the flash lamp pump region in order to obtain

a high specific power deposition and then use optical focussing

techniques in order to further increase the energy density in the second

(laser) medium. An ultimate goal might be to develop a self-critical

UF6 reactor that would also represent the laser medium.
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Figure 8. ADVANCED WORK

4 Energy Transfer Lasers

Continued studies of 02(&)-12 system and N2-CO2 systems.

Search for a suitable laser species compatible with N2(A
3Z)

metastable state.

* Photolytic Pumping

RGH and Metal Halide systems to be photolytically pumped

by RGH Fluorescer with 235U dust as pumping source.

* Excimer Lasers

Saturation of trimers at high power depositions may allow

excimers to be nuclear pumped.

Need a dedicated program to search out best route to high

power/energy.

I
I
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Status of Theoretical Studies (cf Figure 9)

Theoretical studies have two key aspects: prediction of the

electron energy distribution (cf Fig. 4 shown earlier) and study of the

reaction kinetics. While several distribution function calculations have

been reported, more work is required in this area to handle general cases

of mixtures with molecular gases. Also, an experimental verification

would be desirable.

Kinetics studies for nuclear pumping are, of course, similar to

those of interest for all lasers. Fairly extensive studies have been

reported for various nuclear pumped lasers including the noble gases and

most recently 0201A). A key point is that due to the unique

conditions (source energy distribution, pressure, power density, zero

electric field, etc.) some reactions neglected in other studies may

become important and visa versa. For example, in our study of the

formation Of 02 (16), super elastic electron collisions with meta-

stable 02 states and three body atomic recombination into 02 Atn

appear to be important but were neglected in previous studies of chemical

or electrical lasers.
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jFigure 9. STATUS OF THEORETICAL STUDIES

Two Aspects:

* Calculation of unique electron energy distribution

Thus far restricted to simple cases

* Reaction kinetics

Need to identify important reactions under unique

NPL conditions

VI72
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Figure 10. SOME POTENTIAL APPLICATIONS

*Self-contained reactor-laser space unit

*Multipurpose electrical generator - laser unit

*Neutron-feedback laser fusion

*Stripping unit for negative ion beam injector for fusion

devices.

As indicated above, potential applications in space include high power/energy

directed energy applications and also lower power CW commnunication uses. In

addition, there appear to be several potentially important applications to fusion,

but these will not be discussed further here.
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Status of System Studies

System studies to date (Fig. 11) are too fragmentary to properly access

the potential applications or the technological problems. Perhaps the most

complete study for high-power space applications is the 1979 study by Naff

and French of a reactor-driven laser. Because solid fuel elements were as-

sumed, heat dissipation required a large radiator which limited the power to

weight ratio. However, improvements in the concept appear possible and

should be investigated. Further, the Naff-French study showed that even

with the radiator restrictions imposed, the nuclear pumped approach would be

superior as the number of output pulses required becomes large.

The other systems studies noted are very sketchy. However, it is

instructive, for purposes of illustrating near term system sizes, to review

the 1-MJ laser design by McArthur, reported in 1975. Again, this design

would need much study to refine it but the results are interesting from a

conceptual point of view. As illustrated in the next figure, this laser

uses a subcritical uranium-plate driver region surrounding a conventional

fast burst reactor. A device (representing the combined power supply and

laser) with only a 85-cm outside radius and 150-cm height would deliver 1.17

MJ (see Fig. 12). This design is considered to be "off of the shelf" in the

sense of building on an existing pulsed reactor and adding driver technology

based on experimental lasers.

In contrast to McArthur's concept that employs a driven region pumped

by neutrons from a separate reactor, advanced conceptual designs generally

assume a unified reactor-laser using a UF6-laser-gas mixture. Rodger's

1979 study of a "self-critical" laser examined the neutronics in some detail

and reports a 3.2 m3 lasing volume containing 4.9 kg of U2 35 in the

j form of UF6 . A problem in this and related studies, however, is that an

appropriate lasing mixture with UF6 has not yet been identified. Thus,

pressure conditions, optical components, etc. remain at best, a guess.
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Figure 11. STATUS OF SYSTEM STUDIES

* Study of space application by W. T. Naff and F. W. French (IEEE Plasma

Sciences Conf., Montreal, 1979)

e Fragmentary studies

* 1-MJ laser - pulsed reactor, 0. McArthur, et al., 1975

e UF6 reactor - laser, K. Thom, et al., 1976

* Self-Critical Nuclear Pumped Laser System, R. J. Rodgers, et al.,

1979.

* Neutron feed-back ICF, G. Miley, et al., 1980.

Fragmentary -- need extensive systems studies to provide insight

regarding directions and problems
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Figure 12. DEMONSTRATION CO-LASER REACTOR

LASER OUTPUT

LASER DRIVER
" GAS FLOW ELEENT

OUTLET •
OULTFAST 

PULSE
"" REACTOR

150 cm FA_

.LASER

-MIRRORS

j GAS FLOW INLET

CONCEPT A,

----- 170 cm

An example of a possible near-term experiment.

1.2 MJ Laser

2980 £. driver

100 J/cm 2 out

371 J/2.-atm
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FIGURE 13. SOME R & D REQUIREMENTS

* General

Identification of candidate high power/energy systems with desired

wavelengths; candidate energy storage media

* Experimental

Study of production mechanisms and kinetics under unique NPL conditions

Demonstration of scaling to large volumes in specialized geometries

Identification and study of compatiblevolume sources (UF6, BF3,

3He, Li compounds, U dust, etc)

Development of long-lived plate sodrces

Flow dynamics of transfer lasers under unique conditions

Study of radiation effects on optics and materials

Ultimately develop integrated reactor-laser

* Theoretical

Electron source distribution calculations

Continued kinetic modeling for specific systems, including medium with

volume pumping

Mixing under transfer laser conditions

* Systems Studies

Series of dedicated studies needed to explore new directions,

establish potential advantages, identify problem areas, establish

directions for R & D.
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Figure 14. CONCLUSION

* The scientific feasibility of nuclear pumping has been established.

*In principal applications to high power/energy systems seem feasible and

attractive but to verify this a dedicated program is needed consisting of:

- systems studies to identify directions and problem areas

- identification and study of selected candidate laser media

to establish kinetics and scaling

- supporting R & D on components, including reactor-laser coupling,

radiation damage, and flow dynamics.

* A first step goal would be a demonstration reactor-laser system, perhaps

along the lines of the 1-Md device noted in this paper.
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Q & A - G. H. Miley

From: Roy Pettis

Could you forsee an integrated system in which a gas-core
reactor is used to pump a laser, and the two fluids move in
the same duct system?

A.
This is possible but difficult. The UF6 used may quench

lasing, but UF6 + some excimer laser mixtures have a possi-
bility of working (theoretically, but not demonstrated).
Transmitting the energy from the core, either by flow or by
radiation, to a second lasing fluid is more assured of
working but a little more complex system.

From: P. J. Turchi, R & D Associates

What kind of efficiencies appear feasible:

laser Rower
waste heat power

A.
The most concrete example would be based on the 1 MJ demo

reactor-laser study by David McArthur (Sandia-1975).

Laser output = 1 MJ

Driver + Reactor input = 11 MJ + 13 MJ.

Overall system efficiency = laser energy/pulse 1 1
reactor energy /pulse T 4

VI-7-28
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PRIMIE POWER FOR HIGH-ENqEAGY SPACE SYSTEMS:

CERTAIN RESEARCH ISSUES

Edward W. Walbridge
Argonne National laboratory

9700 South Cass Avenue
Argonne, Illinois 60439

(312) 972-3262

ABSTRACT

The most fundamental issue is: to what extent can high power space
systems be hardened against directed energy attack. If they cannot be so
hardened the result will be greater strategic instability. For large satel-
lites Alfvdn wave drag and induced magnetic moment effects (drag and torque)
may be significant. These need to be better assessed. The physical mechanisms
underlying Alfv~n wave drag and induced magnetic moment effects are described.
An expression, not hitherto published, for the induced magnetic moment of a
(ring-shaped) satellite is presented. Several other issues requiring attention
are also pointed out. These include, in particular, the need to avoid a
demise like that of Skylab, how to obtain high heat engine thermal efficien~cy,
what to do about the damaging effects of Van Allen belt radiation, and the
need for storing energy over long periods but having it quickly available on
short notice.
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Figure 2 One issue is fundamental: whether or not a directed energy (DE)
space weapon system can be hardened against DE attack. If it can
be there exists the possibility of a DE system in space which could
defend against intercontinental ballistic missile attack, but wi~i,-h
would itself be invulnerable. This promotes strategic stability.
If such a system cannot be hardened the result is a strategic
instability, since: (l) a concerted DE attack against the space
system would come without warning at very high speed and, (2) the
first attacker would win. To avoid premature and uncontrolled
descents from orbit such as occurred with Skylab, it will be
necessary to have a capability for boosting large space platforms
into higher orbits and/or a dependable capability for making
controlled descent from orbit to a preselected splashdown point.
Two magnetic effects, Alfvdn wave drag and induced magnetic moment
drag, may contribute significantly to the total drag on a large
space satellite. These effects need to be better assessed. For a

solar powered system, the concen-rating mirror will be large, will
have low mass/meter2, and may be deformed by mechanical oscilla-
tions, electrostatic surface charging, and electric currents
driven by a uniform or time-varying magnetic field. Other important
issues for a satellite which generates large amounts of power,
whether from the sun or otherwise, are (see Walbridge [1980], [1982]
for a more detailed discussion of these): how to obtain high heat
engine thermal efficiency, the need to take into account angular
momentum internal to the satellite, and the effects of Van Allen
belt radiation on materials and maintenance personnel. If the

Satellite-generated electric power were to be used to power laser
or particle beam weapons, then it would be necessary to store
energy In the satellite for years, but be capable of using essentially
all of the energy up within several minutes. Clearly energy storage
is a crucial issue.
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II

Figure 3 Schematic of the Lockheed Laser Satellite Power System (SPS).
This system is described in detail in Walbridge (1980, 1982]
and Lockheed MiselJrq and Space Co., Inc. [19781. Problem areas

for this system a magnetic drag (due to Alfvdn wave radiation
or to an induced magnetic moment), maintenance of the shape of the
large (2.8 km diameter) sunlight collecting mirror, efficiency of
the heat engine, angular momentum of internal fluid flows and of
the turbine and other rotating machinery, and inner Van Allen belt
radiation. These, and other, problem areas for the Lockheed laser
SPS could be problem areas for any space satellite having a
capability for generating large amounts of electrical power.
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Figure 3
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Figure 4 As shown by Drell, Foley, and Ruderman [1965] an electrically con-
ducting satellite moving through the magnetosphere will radiate
energy in the form of Alfv6n waves provided an internal source of
electric power is not employed to counteract this effect. The
result is a "magnetic drag" on the satellite. An internal power
source can reverse this effect to create an Alfvdn propulsion
engine. This figure illustrates the case of no internal source of
electric power used to reverse the effect. The satellite is not
drawn to scale. The drawing on the left shows the magnetic field
perturbed by the Alfvdn wave, while the drawing on the right shows
the current loop associated with that wave. Electric charge moves
across magnetic field lines in the lower ionosphere where there are
sufficient ion-neutral and electron-neutral collisions to permit
this, along field lines at higher ldvels where the perpendicular-
to-field-line-conductivity is zero, and across field lines within
the satellite. The potential difference in the satellite, shown by
the + and - minus signs, maps down the (equipotential) field lines
to the lower ionosphere. The current is driven by an electromotive
force (EMF) acting in the satellite and due to the motional electric
field, of magnitude VsBo/c, seen by the satellite. Here Bo is the
unperturbed geomagnetic field in gauss, c is the speed of light in
cm/sec, and the satellite speed, Vs, is in cm/sec. In the expression
for p, h is in gauss, r in cm, and Va in cm/sec. In sunlight, the
Echo 1 satellite radiates energy via Alfvdn waves at the rate of 0.5
watts. When Echo 1 is in the earth's shadow electrons cannot be
photoemitted from the satellite's surface, the current cannot flow,
and no Alfvdn wave energy is radiated. Since the satellite is in
sunlight about half the time, on the average it radiates 0.25 watts
via Alfvdn waves. To account for the observed degradation in the
orbit of Echo 1, an energy loss rate of 0.33 watts is required [Drell,
Foley, and Ruderman, 1965]. Thus, the 0.25 watts loss rate by Alfvdn
radiation is of the right order of magnitude to account for all, or
most of, the observed energy loss rate. Alfvdn waves are described in
Spitzer [1956].
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Figure 5 A magnetic moment is induced in a satellite when the magnetic flux,
*, (number of magnetic field lines in a certain direction) through
a directed cross-sectional area of the satellite (which area is to
be understood as being rigidly fixed in the satellite, so that it
rotates with the satellite) changes with time, t. The change of
with t can occur when: (i) the satellite is rotating in a uniform
magnetic field, (ii) the satellite is not rotating but moves through
a spatially non-uniform magnetic field, (iii) i and ii occur simul-
taneously. In Figure 5, the two drawings on the left (one above the
other) illustrate case i. Case ii is illustrated by two subcases,
one shown in the two middle drawings and one in the two drawings on
the right. The expression for ; - d4/dt is given for cases i and ii.
By Maxwell's equations a non-zero ; induces a current, i, in the
satellite, the current loop being contained entirely within the
satellite, in contrast to the Figure 4 case where the current loop
extends through, and outside of, the satellite. It is simplest to
calculate i when the satellite is ring-shaped. Hence such a satel-
lite was assumed in deriving the expression shown for the induce4
magnetic moment (i.e., the induced magnetic dipole moment) m a iA.
The induced magnetic moment will interact with the geomagnetic field
to produce a torque and/or a force on the satellite. The equations
for the torque and force on a magnetic moment in the presence of a
magnetic field are presented in Peck [1953]. The expressions for
T and I assume gaussian-cgs units. Symbols are as follows:
c - 3 x 1010cm/sec, a(cm) and r(cm) are radial distances, as shown
below, 6(cm) - average skin depth, i.e. the average depth in the
satellite's metal surface to which the induced electric field pene-
trates a - conductivity (esu), the area, A, is in cm2, tht magnetic
field is in gauss, V denotes the gradient operator, and Vs is in
cm/sec.

)Ring 

Satellite

Ia

r
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Elementary TELEC configuration

ENERGY INPUT

EMTE PLASMA -COLLECTOR

eVd TC

- ----. - _ . 0 dEMIDTER ' COLL.ECTrOR
T I 'Ee C

DE I SD

#eVP

T, TI

TELEC plasma motive diagram

A conceptual TELEC configuration is shown in the upper figure. The
motive diagram for electrons in a TELEC device is shown in the lower figure.
Most of the electrons diffusing out of the plasma strike the surrounding
collector surface causing it to become negatively charged. Although the
current density at the collector is smaller, the total current into the
collector is higher because of the larger collector area. This generates
an EMF in the external circuit. The TELEC output voltage arises from the
difference between the heights of the plasma sheaths, Vi and Vc. Positively
charged ions also flow out of the plasma and those stri ing the collector
neutralize part of the output current. However, because the mobility of
the ions is much smaller than the mobility of the electrons (for
cesium i = 1/500 Me), and because of ion reflection at the boundaries, the
ion currents are small and do not constitute a serious loss.
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ILASER BEAMI!
i LECIRoN-"oNl ELECTRON-!

| ,NVE SE l |NEUTRAL,

| REM- I NVERSE B9RM

TELEC plLsmTmode

OI COOr~eLING

T cme er bl El ECT wihS teT EC aut i

ELCRON-,.
[NERC,;I
TRANSFER

MOMTUME plasma mo e

i is shown diagramatically in the figure. Although all of the energy in the

laser beam is first transferred to the plasma electrons, portions of the
energy are subsequently transferred to other species of the plasma. The ion

i temperature rises and reduces power transferred from electrons until an

U energy balance is reached for the ions. It is necessary to simultaneously cal-
culate an energy balance for all species of the particles in the plasma to
determine the ion and electron temperatures. The energy balance also includes

Ilosses of particles to the walls. As shown in the figure, the plasma eeg

balance includes several types of radiation and particle losses. The energy
deposited in the emitter is not immnediately lost since this energy is returned

I to the plasma in the form of electron cooling and black body radiation fromI the emitter. Thermal energy deposited in the collector is a loss which must
be removed. The collector would most likely be cooled with a liquid metal

: loop to the radiator. Waste heat can be removed at ~I000° K.
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Radiator Concentrating

Mirror

Call imating
Mirror

ARTIST'S CONCEPT FOR A TELEC POWERED SPACECRAFT

Characteristics of Series Coinected 1 Mega-
watt TELEC System with Eccentric Emitters

Total Length - 24.5 m Number of Subunits - 3
bitter/Area/Unit Length - .1 cm' C 1.5 eV
Collector Area/Unit Length - 2 cml collector Temperature * lOOOKtiner Diameter - 2 ti'Lse wt/mOuter Diameter - 3 an o LaserHs 0 wt/C
Susbar Di ameter - 1 cm Input Beam Pcbtor *1x 10' watts
Pressure - 80 torr

SUBUNIT I SUBUNIT 2 SUBUNIT 3

Length of Cell (cm) so 50 so
Number of Cells 30 13 5
Length (in) 15.3 6.6 2.6

bmitter Temperature ('K) 2500 2525 2575
Average Laser Q (W/cm') 2010' 7.2x10' 2.6xl0'
Voltage (volts) 890 330 105

Current (A) 310 310 310

Power Absorbed From Beam (W) 6.301 2.4011 9.3xlo*

Output Power (Wi) 2.90, 1.0:10' 3.2:10'
Waste Moat Flux at Collector (W/cm') 37 34 39 -

Conversion Efficiency (%) 50.4 47.9 37.9

Total Output Power - 4.2:10' W Total Current - 310 A

Overall Efficiency - 42% Total Voltage - 1330 V
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OUTER SALT WINOO"

I "- " "/

DRAWING SHONG G LOCATION OF TELEC ELECTRODES IN TEST CHAMBER

I

!/

LL J

The test chamber and the electrodes of the cesium TELEC experiment
i at NASA-Ames are shown in these figures. The laser beam entered andI exited the device through differentially pumped dual salt optical windows

necessitated by an inability to attain a high vacuum seal between NaCl
I and the support flanges. The beam was focused (ff12 optics) into the

electrode region which was filled with cesium vapor in the pressure range2-5 Torr. The electrodes were of 1-cm inner diameter and 2.5 cm in axial
length. The emitter was a tungsten blade, mm thick at the tip whichprotruded 1.1 arn into the 1-cm annular opening. The molybdenum collector
presented a greater effective surface area to the plasma by approximately
a factor of 10.

VI -9-5



ARGON IN 7/

/-APERATURE EMITTER 7 ,- TUNGSTEN DISCHARGE
,PE if l n/ ELECTRODE

/ /

ZQUARTZ -WATER ARGON OUT
TEST COOLED
CHAMBER COLLECTOR

EXPERIMENTAL SET-UP SHOWING CHAMBER ASSEMBLY'AND OPTICS

STAINLESS 9.5 mm ,APPROXIMATE BEAMS rEEL TUB ING,, I / WIDTHI BETWEEN

ELECTROOES AS IT

lihn2mrnURIN -4- +RUN. 3 m

'-EMITTR SLIPPED

FO RWARD APPROX.
SAPPROXIMA TE

19 mm IAM. COLLECTOR PLASMA REGION

ENLARGED SECTIONAL VIEW OF EMMITER AND COOLED COLLECTOR

The test chamber and electrodes for an Ar gas TELEC experiment,

performed at LeRC, are shown in these figures. The electrodes are
two opposed rods: one with a pointed end, and the other with a con-
cave end, which is water cooled. the argon pressure during operation
was 800 Torr. The plasma was initiated by a spark between the tung-
sten discharge electrodes and sustained by the laser beam. A "tear
drop shaped" plasma volume, 1.2 to 1.5 cm in diameter and 4 to 5 cm
long, was formed. The lenses were then moved to transport the plasma
between the emitter and the cullector.
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-MIRROR M3

I CESIUM CONOENSER

COLLECTOR
-"~-'# ~EMITTERS

;14 MIRROR M2

MIRROR MI,-

THE SYSTEM USED IN THE LeRC TELEC EXPERIMENT

SCHEMATIC REPRESENTATION OF THE ELECTRODES IN THE LeRC TELEC EXPERIMENT

I
The optical system and the electrodes used in the NASA-LeRC

TELEC experiment are shown in these figures. The optical set-up
produces a narrow,parallel laser beam and directs it through the
TELEC apparatus. The TELEC active section is coupled between two
inert gas filled end chambers, which have high power laser mirrors
at each end. There are zinc selenide windows on the ends of
oblique mounted tubes which permit the laser beam to enter and
exit the test apparatus.m VI-9-7
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I
i Q & A - W. J. Britt

From: P. J. Turchi, R & D Associates

I don't believe you mentioned the actual mechanism of
converting hot electrons in electricity. Is the basic effect
VT or VNe or does it require VNe x VT?

A.
TELEC works because one electrode emits electrons and is

small so it collects very few electrons. The other electrode
is cooled (heat rejection) and cannot emit electrons; it has
a large area and collects a large current of elelectrons from
the plasma. In the interior of the plasma VN and VT control-
led by ambipolar diffusion and heat balance.

I From: D. Woodall, University of New Mexico

Inverse bremsstrahlung absorption is not 100% efficient,
but depends on density profile, etc. in plasma. Have you
calculated total absorption efficiency for your parameters?

I A.
Inverse Bremsstrahlung (IB) calculated by methods of

J. W. Stallcup and K. I. Bellman. Both electron-ion and
electron-atom IB is active. Plasma density = 1016 cm

Te 20,000 K

l
I
l
!

I
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Q & A - R. C. Finke

From: P. J. Turchi, R & D Associates

What is the effect of the random phase distribution of
the 10p radiation from earthshine (vs the coherent radiation
from a l0P laser) on rectenna operat-ron?

A.
Rectification of Coherent Radiation from a 10 laser

should be easier and done more efficiently than that of earth
radiation. A rectenna to convert earth radiation will have
to be broad band, as omni directional as possible, coupled,
hopefully, with high gain.

From: Steve Wax, AFOSR

What is the power (at 85% efficiency) that can be pro-
duced? Also, does a cloudy region over the earth cause a
significant decrease in available power?

A.
The power level is limited by heating of the recifier

diode. We have not calculated what maximum powers could be
converted by cooling the devices with heat pipes or cooling
fluids.

Clouds do not have an appreciable effect on the total
radiation output.
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Q & A- J. W. Freeman

From: P. J. Turchi, R & D Associates

Have you considered using a magnetic field to couple via
electron cyclotron frequency?

A.
We have fooled around with a magnetic field perpendicular

to the tube axis. We found several new modes but we have not
tried to understand them. One would need to start with a
new, perhaps flatter tube designed to be used with a B field.

We have used a magnetic field parallel to the tube axis
to decrease beam spreading.
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I

IABSTRACT

I High-power radiation such as concentrated solar or high-power laser

radiation is considered as a driver for magnetohydrodynamic (MHD) systems

which could be developed for efficient power generation and propulsion in

space. Eight different systems are conceivable since the MHD systems can

be classified in two: plasma and liquid-metal MHD's. Each of these

systems is reviewed and solar- (or laser-) driven MHD thrusters are

proposed.
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LASER DRIVEN MHD GENERATOR

I e LASER SEAM
RECEIVING AND 4

CARRIR GASFOCUSING OPTICS

POWEMBOU

SEAS GAASTO
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SOLAR-DRIVEN LIQUID METAL MHD GENERATOR

A space application of the liquid metal MHD generator was originally

proposed for power production from a nuclear reactor in space (D. G.

Elliott, 1968). Vugraph 4 illustrates a solar-driven LMMHD generator which

utilizes a specially designed solar oven as the heat source and which

enables large-scale power production in space at a high efficiency. This

two-phase MHD generator can capitalize on its advantages over the plasma

MHD system which requires extremely high temperatures (> 30000K). *For more

detailes, see the reference by J. H. Lee and F. Hohl, 1978.

i
I
I
I
!

VI-12 -5



I.x

09

V4-2-



SOLAR-DRIVEN MHD THRUSTER

High-power radiation such as concentrated solar or high-power laser

radiation can be utilized for aerospace propulsion. Vugraph 5 shows a con-

cept of a solar-driven MHD thruster. Solar radiation is used in two modes,

namely radiative production of a high-temperature plasma and photovoltaic

power generation to provide electricity for MHD accelerators. The solar

concentrator may be made dichroic so that the solar panel could be integra-

ted behind the reflective surface. Advantages are (1) more efficient pro-

duction of plasma in comparison with the arc-jet heater necessary for an

all-electric thruster, and (2) increase and easy control of the thrust by

the MHD system.
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Q & A- Ja H. Lee

From: P. J. Turchi, R & D Associates

Isn't specific energy per particle contribution of solar
radiation input to solar-MHD thruster limited to sun tempera-
ture? Rest of energy must come from solar-electric (or
other electric) and will be much greater than radiation input.

A.
Yes. Radiation-plasma coupling can be made at high

efficiency > .9. Therefore better than

(Rad - electric -i plasma .

n=.10 rl=.5 nnet=.05

From: Steve Wax, AFWL

What, if any, are the problems of coupling radiant energy
to the MHD thruster concepts? i.e., Has the physics been
solved?

A.
No. Physics of laser/solar plasma production is wide

open. At Langley we just started to look for the plasma
properties at 10 w/cm2 beam intensity much below the laser
fusion plasma range.

From: D. Woodall, University of New Mexico

How much flexibility is there in Solar-driven MPD thruster
with respect to angle of motion awgy from sun? (Driving
only directly into sun seems unrealistic)

A.
Yes. However in practice you can devise optics such

that thruster can be directed in different directions.

V p
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0& A - N~. Saunders

From: P. J. Turchi, R & D Associates

Why is there such scatter in fuel swelling data at same
temperature with the same fuel? Is it manufacturing statis-
tics, operating differences?

A.
The currently -avail able nuclear fuel swelling data includes

a large amount of scatter for a variety of reasons. But the
major contributor to this scatter is probably associated with
the severe difficulties involved in in-pile testing of mate-
rials. In this type of testing, it is ver difficult (if
not impossible) to control the major test variables, partic-
ularly temperature and neutron flux. Thus, each test speci-
men will likely see variations in these variables as a
function of testing time and they may also be subjected to
gradients of temperature EUi fluence along the axial length
of a specimen at any particular time. Thus, all published
data are really an averaging of the projected operating
variables.
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SOME MATERIAL IMPLICATIONS

OF

SPACE NUCLEAR REACTORS

(NON-FUEL MATER IALS)

SPECIAL CONFERENCE

ON

PRIME POWER FOR HIGH-ENERGY SPACE SYSTEMS

FEBRUARY 22 TO 25, 1982

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

JAMES F. MORRIS

MECHANICAL AND ENERGY SYSTEMS ENGINEERING

ARIZONA STATE UNIVERSITY

ABSTRACT

As the title states this presentation points to non-
fuel materials for space nuclear reactors: high-temperature
alloys and electric isolators. Because the charts for the
ten-minute talk are reasonably self-explanatory, no further
explanations attend them. But a selectively underlined
manuscript for "Tungsten, Rhenium Alloys in Space Nuclear
Reactors" accompanies this handout package. That text will
appear soon in Air Force TM form.
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NUCLEAR FUEL SYSTEMS FOR SPACE PCWER APPLICATION

L. Yang

ABSTRACT

Work carried out during 1960 to 1972 on in-core thermionic fuel-
cladding development has indicated that the uranium carbide-tungsten
and the uranium oxide-tungsten fuel systems are promising candidates.
Materials and fabrication techniques were developed to meet the re-
quirements of the thermionic fuel elements. Cut-of-pile and in-pile
studies of fuel-cladding compatibility, dimensional stability, and
thermionic performance stability were performed for both fuel systems.
Accelerated irradiation tests have attained a burnup of 3 x 1020 fis-
sions/cm3 for both the carbide and the oxide fueled emitters at 1900 0K,
which is equivalent to that for 40,000 hours of operation of a 120 ekw
thermionic reactor. Prototypical carbide and oxide fueled emitters
have been tested for 8000 hours at 1740 - 18400 K. Comparatively
speaking, the carbide-fueled system exhibited greater dimensional sta-
bility than the oxide-fueled system, while the oxide-fueled system
exhibited better thermionic performance stability than the carbide-
fueled system. Any future efforts on in-core thermionic fuel-cladding
development should be directed toward seeKing solutions in these
technological areas.

Some recent space power concepts of high power levels use coated
fuel particles as nuclear heat source. The experiences gained in the
development of coated fuel particles for the high-temperature-gas-
cooled reactor at General Atomic will be described and the potential of
such coated fuel particles for space power application will be discussed,
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PART I.

FUEL SYSTEMS FOR

IN-CORE THERMIONICS
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Alignment Ceramic (A1L2 03 )
~.~Z.-.-Emitter Cap (Tantalum)

___________Transition Piece (Tantalum)

____ antalum-Tungsten Diffusion Bond

Nael Cavity Seal Housing
~~'-Ceramic-to-Metal Seal (N-A10Nb

Trilayer (lqb-A1 2 03 -Nb)

Duplex Tungsten Emitter

Sheath Tube (Nb-1% Zr)

~ S Alignment Spring (W~-25% Fe)

C~opaq= OPERATING T~r=,AT- ml.E. 0L
Duplex Emitter 1881 (Average)
frilayer 983 (Collector Average) 710 CITantalum-Tungsten Diffusion Bond 1262
Ceramic-to-Metal Seal 1078 (Cer3Mi-c MaX-Isrum)
Emitter Cap 1213 (Center)
Transiticn Piece 1153 (Average)
Sheath Tube 973
Alignment Spring 1773 (Maximum)

Arrangement of Components and Operating Temperatures for
F Series Cells
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(a) As deposited

tungsten~ tungsten .

(b) After 10,000 hours at (C) After 3661 hours at
1 9230 K out- of-pile 1 7730 K in- pile

Microstructures of chloride-fluoride duplex tungsten,
showing stability of fluoride tungsten grain structure.
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(b) Etched .0011"

Microstructure of 9OUC-1OZrC, showing porosities and W

and UWC 2 secondary phase
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Irradiated carbide-fueled emitter, showing fuel swelling
and fuel-cladding interaction
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CENTRAL
HOLE

TUNGSTEN
CLADDING

INTERACTION
LAYER

FUEL

TUNGSTEN
FUEL
PEDESTAL

7X

Irradiated carbide-fsled emitter, showing fuel swelling
and fuel-cladding interaction
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Tugse
clddn

Reaction
layer

Fuel

M33Z91-6
(a) Out-of-pile. 10.,000 hours at 1923OX

Cent ral

Tungsten cladding -4.
cladding

Inte raction,
layer

Fuel -Reaction .

layer

Tungsten
fuel-
pedestal -ZjA

(b) In-pile, 4395 hours at 1950"X.

93Inihmn. 03 (c) Magnified view of(b) .010

Compatibility study of 9OUC-1OZrC with tungsten cladding,g showing interaction layer
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Tungsten
cladding

9OUC- 10ZrC
W. fuel

Central/
venting

c.n (a) Longitudinal section throughlqylindrical axis of C3 eiptter.
5445 hours at 19430 K. 5 x 10 fIssion/cm3 . 05

central venting

fuel
channel

90UC- IOZrC fuel

U - Tungsten
oc ladding

Tnsten
3) cladding

Crack in cIdi~~Fuel-cladding -
1 ddinitinteractior

- layer(c) Longitudinal section through cylindrical

(b) -1/8 inch beneath the axis of C I Iemitter. 7900 hours at 19230 K.

surface of (&a) 0 3V' 6 x 10 19 fission/cm 3 .0.

9OUC-1OZrC fueled prototypical fluoride tungsten emitter

(1.1 inch, 40 mil cladding thickness) after in-vile irra-

diation, showing fuel swelling, fuel-cladding interaction,

and cladding cracking
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Tungsten
cladding

S".Inconel
• °* i % Containent

90UC-1OZrC

fuel

STungsten therno-
couple well

.250"

Transversal section of fluoride tungsten (40 mil thick,

0.625 inch diameter) clad 90UC-IaZrC irradiated at a

fuel temperature of 1873*K for 11,000 hours to an average

burnup of 3 x 1020 fission/cm 3 , showing low swelling due

to the presence of well distributed venting holes
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Tungsten shield Top

- Tungsten cladding

U0 2 fuel

Left *--- Right

Bottom Rhenium shield

0.2"

Longitudinal section of UO2 fueled 14 fluoride tungsten

I emitter (5/8 inch diameter, 50 mil thickness) irradiated

at 1900 0K for 9875 hours to 3 x 1020 fission/cm 3 , showing3 UO2 fuel redistribution
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Neutron radiograph of FC-1 samples (4632 hours), showing

cladding deformation

Neutron radiograph of 2E-1 emitters (8644 hours), showing

less cladding deformation in smaller emitters
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PART I I.

COATED FUEL PARTICLES
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I I

I

(A) TRISO Fissile Particle

"UC2 Kernel

I2

IInner

le,- -:,' Outer PyC

ThO 2 Kernel

I
Coated fuel particles as seen under scanning electron micro-

scope
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0.005 INCHES 0.010 0.015

ZrC TRISO-I fuel particle with VSII UC2 kernel irradiated to

21 2

80% FIMA/1500C/6 x 102 n/cm Particle location 740 um

from rod 0.0. Note no reaction between ZrC coating and kernel

even though kernel has penetrated through buffer coating and

touched ZrC coating. All of the particles (about 200) examined

showed this resistance to fission product attack and no broken

coatings were observed.
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UO2  0

BRIGHT FIELD

Th02 ThO 2

POLARIZED LIGHT

AFTER HEAT
AS COATED TREATMENT

2500 "C 10 min

Comparison of Microstructure of Coated ThO 2
and U02 Microspheres Before and After Heat
Treatment at 2500 0C for 10 min (100 x).

The carbon coating around UO particle swells due to high
CO pressure produced by reaciion between UO2 and C. (ORNL-#o3g)
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Answer to a question by T. Nakamura of Stanford University on
the paper "Reactor Materials" by Ling Yang, Session VII

Question:
Problems of High-Temperature-Gas-Cooled reactor (HTC'R)
core material such as (i) slow migration of fuel ele-
ment, so called Amoeba Effect, (ii) containment of
radioactive cesium, have been limiting factors in the
development of HTGR. Are they still so? What is the
maximum gas temperature available for HTGRs for space
application?

Answer:
This paper is not proposing the use of HTGR as a space
power system. It is aimed at pointing out the potential
of coated fuel particles which have been tested exten-
sively under the HTGR program, for fueling the high power
rotating fluidized bed and the fixed bed core concepts
of Jim Powell of Brookhaven National Laboratory for
space application. These concepts require coated fuel
particles capable of being pulsed to temperatures from
15000K (for fixed bed core) to 3000 0K (for rotating bed
core) in a few seconds. It is doubtful standard HTGR
coated fuel particles can meet these requirements. Bet-
ter particle design and coating materials which are
being developed under the advanced HTGR fuel program at
General Atomic may meet these requirements but high tem-
perature performance of these advanced particles have to
be tested. Standard HTGR delivers helium gas of about
7000C temperature but it has the potential of delivering
helium of much higher temperatures (e.g. 950 0C), as
demonstrated by the German pebble bed AVR. By using the
right system design and coating and fuel materials,
amoeba effect and diffusive cesium release are not con-
sidered as the life limiting factors for standard HTGR
coated fuel particles.
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MATERIALS FOR HIGH POWER MHD SYSTEMS

Magnetohydrodynamic power generation offers two

possible options for space power; open cycle power generation

using a chemical heat source for short burst applic ations or

closed cycle power generation using a nuclear heat source

for continuous long durat.4on power generation. Two basic

generator configurations are possible: the linear generator

which has been brought to an advanced state of development

and the disk generator to which limited effort has been

applied but which offers several possible advantages in

construction and operation. Each of these options, open

cycle/linear, open cycle/disk, closed cycle/linear and closed

cycle/disk present differing material requirements. In

addition specific generator designs will further define

material requirements. Due to the limited time for this

presentation only the material requirements for linear

generators will be discussed. A few comments will be made

in regard to disk generator materials at the end of this

discussion.

3 Electrode material requirements are shown in

SLIDE 2. Open cycle generators would utilize refractory

3 oxide electrodes and insulators operating at surface temper-

atures above 2000K. The chemical requirements, which are
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most severe in commercial long duration open cycle MHD power

generation, would be relatively unimportant in short burst

applications. However, the goal of extracting the maximum

power in a minimum of volume increases the severity of

electrical and mechanical stresses on materials. These

stresses are very demanding for ceramics used in open cycle

systems. These same requirements placed upon metallic closed

cycle electrodes, even for very long durations, are much less

severe. Especially critical to open cycle electrodes is the

development of ceramic based electrode structures that could

pass up to 10 amp/cm 2 between cold copper and the plasma.

First, low electrode resistance (to avoid joule

heating) and a small temperature dependence of resistivity

(to avoid current channeling) are desired. Two classes of

oxide ceramics are the primary candidate materials for open

cycle electrodes, the refractory rare earth chromites such

as LaCrO 3 or YCrO3 doped with various alkaline earth oxides

and very refractory ZrO 2-or HfO 2-based compositions. As

shown in SLIDE 3 the electrical properties of the perovskites

are superior to those of ZrO 2 -or HfO2 -based compositions.

Since resistivities must be less than 5 ohm-cm to avoid joule

heating, the refractory ZrO 2-based compositions can function

as the current carrier at only the highest temperatures

(>1600K). To utilize these compositions electrode structures

(SLIDE 4) have been developed that use intermediate materials
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such as highly conducting spinel (or perovskite) layers,

refractory metal pins (or mesh) and graded cermet structures

to produce electrodes with low resistance. It should be

pointed out that closed cycle electrode materials such as

molybdenum, zirconium diboride and graphite possess very low

resistivities at all temperatures (see SLIDE 3).

Electrode materials should be electronic conductors

to avoid electrolysis. The reduction of Y203 stabilized

ZrO 2 is shown in SLIDE 5. The formation of finely dispersed
ut

Zr~grain boundaries produces a loss of structural integrity

in Y203 stabilized ZrO 2 . Even materials that are electronic

conductors are subject to decomposition at high current

densities if they are not thermodynamically stable over a

wide range of electrochemical conditions (SLIDE 6).

Electrode development for high power, short burst

systems has been minimal. However, test results on a light

weight 200kW linear MHD channel (Ref. 22) were encouraging.

Electrodes of the design shown in SLIDE 7 survived 250 cycles

2at 2-4 amp.cm

Insulator requirements (SLIDE 8) are the same as

electrodes except that the electrical functions are quite

different. Electrical conductivities of less than 10-3 ohm-cm

are required. As shown in SLIDE 9 a number of oxides and

I nitrides meet this requirement at 2000K and above. Although

the nitrides will oxidize above 1000°C in open cycle systems,

VII-4-4
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are attractive candidates in closed cycle systems because

of their superior thermal stress resistance. Insulator high

temperature breakdown may be a critical requi-ement in these

systems. As shown in SLIDE 10 the critical breakdown voltage

decreases exponentially with reciprocal temperature. It

appears that to avoid dielectric breakdown by thermal runaway

it may be necessary to limit insulator surface temperatures.

To achieve the desired goals for space MHD systems

in terms of kW/kg will require the development of light

weight MHD magnets. In turn, this will require the substi-

tution of high performance, light weight materials for

existing conventional materials (SLIDE 11).

The final SLIDE outlines critical research efforts

that would be needed to support the development of electrodes

and insulators for open cycle, short burst MHD generators.

Closed cycle materials studies would be directed toward long

duration corrosion studies on electrodes and insulators.

The disk generator offers the attractions of much

simpler electrode designs and lower electrode current

densities. However, the higher electric fields and the need

for very good insulation between anode and cathode structures

places a more critical req, irement on insulator materials

and structures.
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HIGH POWER MHD SYSTEMS

OPTIONS

LINEAR VS DISK GENERATORS

OPEN CYCLE VS CLOSED CYCLE SYSTEMS

'HIGH PERFORMANCE' VS 'VERY HIGH' PERFORMANCE DESIGNS

I
I
I
I

SLIDE 1
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ELECTRODE REQUIREMENTS

(HIGH POWER LINEAR MHD GENERATOR)

ELECTRICAL

MOST PASS CURRENTS UP TO 10 AMP/CM
2

s LOW ELECTRODE RESISTANCE

0 SMALL TEMPERATURE DEPENDENCE OF RESISTIVITY

s ELECTRONIC CONDUCTION

s ADEQUATE THERMIONIC EMISSION

CHEMICAL

NOT REACTIVE WITH 0 CESIUM AND/OR CESIUM COMPOUNDS

* ILAS;A GjA, ES (02, N2, CO, H20, ETC.)
s ADJACENT INSULATORS

MECHANICAL

RESISTANT TO s ACTION OF HIGti VELOCITY, HIGH

TEMPERATURE GASES ([-OSION)
s THERMO-MECHANICAL STRESSES (ThERL

SHOCK)

PRACTICAL

MUST BE REALISTIC IN TERMS OF EASE OF FABRICATION AND

COST.

SLIDE 2
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Figure 4 LReslstlvltyutmperature plot of
MHD electrode materials. (Ref. 2).
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Fig. 4. High Heat Flux Electrode.
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I

b3 . -

VS

I "

I
(d)

Fia. 7.1:3. Potential distribution at 1 6S3°K across a cylindrical 12 mole %o
Y0 3 : ZrO2 sample for various oxygen partial pressures, and current densities
of: (a) 12"9 A m-2 ; (b) 1.29 kA m-2 ; (c) 12.9 kA m -2 . (d) Photographs ofsnmall
quenched samples corresponding to curves in (c) showing blackened zone at the
cathode; top sample Po,-= 2x 10-2 atm, middle sample Pore = S ×10- atm,

bottom sample po, = 10' atm. (Ref. 1)
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INSULATOR REQUIREMENTS

(HIGH POWER LINEAR MHD GENERATOR)

ELECTRICAL

MUST PROVIDE INSULATION BETWEEN ELECTRODES IN THE

PRESENCE OF HIGH ELECTRIC FIELDS

o ELECTRICAL RESISTIVITIES 1OOX THAT OF THE PLASMA

o DIELECTRIC BREAKDOWN, > 4KV/M

CHEMICAL, MECHANICAL, PRACTICAL

SAME AS ELECTRODES

I

SLIDE 8
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FIGURE . ELECTRICAL CONDUCTIVITY OF INSULATING MATERIALS (Ref. 23)I
i
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Calculated
C sn

0

0 
2

T (0C)
140100 800 600 RT

6 7 8 9 10 If
I0 4 /T( K)

Fig. .Calculated and observed critical breakdown voltage as
a function of temperature. The value of Q/2 used in the cal-
culations is 135 ki/mol (1.43 eV); Q for the measured curve is
106 kJ/rol (1.1 eV). (from Ref. 21)
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MHD MAGNET MATERIALS

NEED TO REDUCE PAYLOADS MAY REQUIRE SUBSTITUTION

OF LOWER DENSITY MATERIALS FOR CONVENTIONAL

MATERIALS.

FOR EXAMPLE * ALUMINUM STABILIZED CONDUCTORS

9 HIGH PERFORMANCE FIBER-COMPOSITES
AS STRUCTURAL MATERIALS
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MHD Materials R & D Activities

Development Supportive Research
Activities Activities

Electrodes Operating at a Electrode to Plasma Current

High Current Densities transport Studies
1-10 amp/em2 ) a Electrolysis of Ceramic Electrode

Material s
Current Transport in Ceramic
Electrode Materials

Insulators for High High Temperature Dielectric
Electric Fields (> 2 kv/m) Breakdown Studies

Ceramic Structures under Thermal Stress Resistance of

High Heat Fluxes ()100w/cm2 ) Ceramics and Ceramic/
Metal Composites

I

SLIDE 12
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1
The Westinghouse High Flux Electron Beam Surface Heating Facility (ESURF)

M. D. Nahemow
Westinghouse R&D Center

1310 Be!%lah Rd.
Pittsburgh, Pennsylvania 15235

The ESURF facility is located at the Westinghouse Electric Corp.,

Research and Development Center, Pittsburgh, Pennsylvania. It has been

operational since March, 1980. It was first used to test cathodes for a

BNL designed negative ion source.1,2 The water cooled copper cathodes

were operated at a loading of 2 KW/cm 2 steady state loading. Divertor

collector targets for the MIT divertor program were subject to transient

conditions. These molybdenum tubes were subject to up to 500 2 kW/cm
2

3
transients. The facility is currently being used in a first wall/blanket/

shield engineering test program for the Argonne National Labs.
The ESURF uses a 50 KW 150 KeV electron beam as a heat source. The

beam can be rastored at .5 cm/Us in both the x and y axis. The beam spot

size is variable from .02 to 1.5 cm. The scan logic permits a wide variety

of transient and steady state thermal effects to be modeled. Samples can

have heated sections up to 28 cm by 18 cm. The system cooling loop has a

maximum operating pressure of 1000 psi. The pumps have an operating range

from 7 gpm at a 700 ft head to 30 gpm at a 500 ft head. 40 KW of preheat

and 100 KW of subcooling are provided. Temperature, pressure, flc., strain,

etc. are measured and controlled. The system has a TI microprocessor control

system linked to a LSI/lI computer system for control, data acquisition, and

data proessing. An infrared (2p) TV camera and video recorder, are used to

monitor surface conditions and are being interfaced to the LSI/II.

1. M. D. Nahemow, et al., The Design of a Nucleated Boiling Water Cooled

Cathode for the BNL Negative Ion Source. Proceedings of the 8th Symposium

on Engineering Problems of Fusion Research, San Francisco, November 13-16,

1979.

2. J. R. Easoz and M. D. Nahemow, Testinq of Water-Cooled Cathodes on the

Westinghouse High Surface Heat Flux Test Facility. Proceedings of 9th

Symposium on Engineering Problems of Fusion Research, Chicago, IL,

October 26-29, 1981.

3. A. Y. Lee, R. B. Chianese and J. R. Easoz, Thermal and Structural

Analyses of Solid Divertor Targets for E-Beam Testing. Proceedings of the

9th Symposium on Engineering Problems in Fusion Research, Chicago, IL,

October 26-29, 1981.
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M. D. Nahemow (W) ESURF

Figure Captions

Fig. 1. The table lists the general system specifications of the ESURF

facility. The beam voltage is variable. The x or y scan distances

refer to D.C. bias within the limits of the x-y raster plan. The
beam size can be varied from 10O cm 2 to1 cm 2 gvn aiu

4 2flux of 5 x 10 MW/rn . The vacuum pressure is with the beam running.

The base pressure is lower.

Fig. 2. The characteristics of the two pumps referred to in Fig. 1 are given

in Fig. 2. The actual flow possible will depend on the headering

loss for a specific device.

Fig. 3. The deflection coil is a ferrite core orthogonal magnetic device.

The sin of 6 is proportional to the coil current to .1%. The coil

is driven by two 600 watt current amplifiers that operate from D.C.

to 20 KHz. The logic permits the beam to scan the x-y plane or

move to any spot and dwell. The power-to the target is determined

integrating the current through R1, R 2 P and R 3 and subtracting it

from the peak current through R 4 *

Fig. 4. Only pump A is shown is the loop schematic. Pump B is valved parallel

to pump A with its own flow control.

Fig. 5. The two peaks in a are the beam currents through 2 1 mm 2 pinholes

5 cm apart. They show the sin effect in flux due to deflection. b

is an expanded view of the first peak a showing a true gaussian

profile with a full width half max of 1 mm. c shows the central

peak and ring which develops when the beam is expanded to 1 cm.

Fig. 6. A 3 mm beam was allowed to dwell for 5 x 10 -3sec on a thick walled

stainless tube to produce the damage shown in 6-(4,5,6). Spot 4

was produced by one 11 KW shot, spot 5 by ten 11 KW shots, and spot

6 by one 22 KW shot. Note that spot 5 is a deep hole.
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ESURF SPECIFICATIONS

Heat Source Electron Beam; 150 kV and 5-330 ma

Maximum e-beam Power Output 50 kW

Maximum Sca: 20 cm x or y -- 28 cm x and 18 cm y

Scan Speed 1 cm/s to I cm/us

Target Area I cm2 to 500 cm2

Peak Surface Heat Flux ", 300 MW/m2 to < 1 MW/m 2

Rep Rate: 20 Hz to 20 kHz

Heat Sink Coolant Water

Maximum Working Pressure: 400 psi* - 1014 psi**

Maximum Head: 700 ft. H20

Working Temperature: 300°F* * 500*F**

Maximum Temperature: 350*F - 600OF* *

Maximum Flow Rate: 7 gpm (at 700 ft. head rise)*
30 gpm (at 550 ft. head rise)**

Pre-Heater Power 40 kW

Heat Removal 72 kW Air Controlled Heat Exchanger

Control Texas Instrument Programmable Control System

Vacuum Tank Working Space 3 ft. Diameter x 4 ft. Long

Vacuum Pressure <10-4 torr

Pump Limited *Pump A -- **Pump B

I

Nahemow Figure 1
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Applications of a High Temperature Radiation Resistant
Electrical Insulation

M. H. Cooper
Westinghouse Electric Corporation

Advanced Reactors Division
Madison, PA 15663

Abstract

Electrical components are being developed for service inside the reactor

vessel of Fast Breeder Reactors. These components will function in an
exceptionally hostile envirorent combining high temperature (1000-F),
demical activity (liquid soditm), and nuclear radiation (fast neutron
fluences to 1021 n/cm2 ). Two components which are being developed are
an electromagnetically actuated shutdown system and an induction mtor.
The successful development of a glass-alumina insulation which is suitable
for operation at high temperature and in high radiation fields is the key
technological advance that has resulted in the development of these com-
ponents. The insulation is applied by a dipping process similar to con-
ventional enamel insulation utilizing a slurry of glass-alumina in an or-
ganic binder. Drying at modest temperature results in a "green" flexible
coating that is adherent to the wire. After the wire is formed into the
desired component, the wire is fired at high tamperature to eliminate the
binder and to fuse the glass mixture to the wire. Electromagnetic coils

thus fa'-ricated have been operated for nore than 18 mnths in sodium sys-
tems from 850 to 1100 0F.

Th.s .nsulaticn is especially suited for application to space energy sys-
tems because its high temperature capability permits design of electrical

ompAonents without cooling. In addition, the fabrication process includes
a thorough high temperature, vacuum outgassing operation. Mus, outgassing
of organic materials from crwntional insulations in space can be avoided.
Several potential space energy system applications of this insulation are:U

0 Radiative-oled electric motors/generators

9 Operators for valves that can be completely sealed within the
valve body (eliminates seal leakage or unreliable bellows seals)

9 Instrumentation and control systnns.
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Summary of Viewgraph Material

"Applications of a High Temperature Radiation Resistant Electrical Insulation"

M. H. Cooper
Westinghouse Electric Corporation

Advanced Reactors Division

Viewgraph 1

The presentation will consist of a review of the background and history of the

development of high temperature, radiation resistant electrical insulation; a

description of its use in two nuclear reactor applications, reactor shutdown

system and high temperature motor, and several potential applications in space

power systems.

Viewgraph 2

Development of a high temperature electrical insulation began in the 1960's to

provide a motor capable of operation at lOOO0 C. A glass-alumina oxide insu-

lation was successfully demonstrated and a small motor fabricated and delivered

to NASA. This technology remained dormant until 1977 when the need for a high

temperature coil for use in a nuclear reactor shutdown system was identified.

This high temperature electromagnetic system has been successfully developed

and development of a high temperature, hermetically sealed induction motor was

initiated in 1980.

Viewgraph 3

The temperature sensitive electromagnet supports a neutron absorber bundle

above the reactor core. Upon a high temperature approaching the Curie point of

a specifically developed nickel-iron alloy, the magnetic reluctance increases

which reduces the magnetic flux providing the holding force for the neutron

absorber. The key component in this system is the high temperature, radiation

resistant electrical coil, which consists of 700 turns of 0.040 inch diameter

nickel clad copper wire insulated with glass-alumina.

Viewgraph 4

A high temperature coil with its hermetic can is shown prior to assembly.

Twenty-six coils have been fabricated for testing to determine the reliability

and life of the coil.
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Viewgraph 5

A miniature "coilette" is being irradiated in the core of EBK-II, a fast experi-

mental reactor being operated in Idaho. The electrical properties of this

coilette after exposure to a neutron fluence of 4 x 1021 n/cm2 will be compared

with the pre-irradiation electrical properties.

Viewgraph 6

Results of breakdown voltage tests on twisted wire pairs after exposure to

temperatures of 600 to 750C indicate that the breakdown voltage increases with

both time and temperature. Since the breakdown voltages were measured at room

temperature after exposure to high temperature, this increase in breakdown

voltage could result from either more complete elimination of the organic

binder or relaxation of contact because of creep of the wires. Hence, in-situ

resistance measurements are being made on the twisted wire pairs.

Viewgraph 7

As part of the coil reliability program, twisted pairs of insulated wires are

being tested to characterize the insulation resistance as a function of tem-

perature and time. Resistances are periodically measured for twisted wire.

pairs while they are at temperature using the arrangement shown. This method

will eliminate the thermal cycling relaxation problem encountered with the

breakdown voltage tests.

Viewgraph 8

In 1980, development of a 1/2 hp induction motor designed to operate in a

nuclear reactor (10000F, under sodium, neutron fluence) was initiated. This

motor is based upon its use to power an in-vessel fuel handling machine.

Viewgraph 9

The high temperature motor design is complete, fabrication of components is

complete, and room temperature operational tests are in progress prior to

installation of hermetic can.

Viewgraph 10

This photograph shows the rotor prior to welding its hermetic can.
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Viewgraph 11

This photograph shows the stator prior to installation of the'windings. The

winding consists of three phases, six 0.040-inch diameter wires per coil,

operating at 96 volts. The motor has been designed for a low speed of 450 rpm

to facilitate gearing in the refueling application.

Viewgraph 12

There are several military and space applications of this high temperature in-

sulation. Use of glass-alumina insulation for motors in mobile applications

would reduce cooling requirements and enhance system reliability. The higher

temperature capability would reduce cooling requirements permitting natural

convection to replace forced convection or air cooling to replace water

cooling. In space systems, outgassing of organic insulating materials in

vacuum would be eliminated and cooling requirements would be reduced, per-

mitting simpler heat rejection systems utilizing thermal radiation. This

material will also eliminate insulation degradation rqsulting from exposure

to high radiation fields.
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OVERVIEW

" BACKOMLIM AND HISTOY

" NUCLEAR REACIOR SHUlDOWN SYSTEM

" HIGH 'IEMPEMATURE M~OR

" PaIENTIAL SPAE/DM APPLICATICtNS
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" HIGi TEMPERATUE MOTOR DEVELOPED BY W R&D FOR NASA

IN MID 1 960's

" TECHNOLOGY DOF&PM UNTIL 1977

" INITIATED DEV OPbfVT OF HIGH TEMEPATUPE CIL FOR

NUCLEAR EACIR SHUTD SYSTEM

* INITIATD DEV EPT OF HIGH TEMPEPA=, -RMS-

TICALLY SEAED MOR IN 1980
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LATCH CONFIGURATION ROD

CONTROL ASSEMBLY
OUTLET NOZZLE LWRDIELN

LOWER DE LINE

ABSORBER /IEXTE siniv
LIFTING SOCKET

- I CONTROL ASSEMBLY
ELECTRO.MAGNET OUTER DUCT

COIL

I NONMAGNETIC
INSERT

FUEL PIN

ABSORBER ROD
BUNDLE

Re-s ed TSEM Geometry
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High Temperature Coil Used in the EBR-ll Irradiation Test
4988-24
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OBJECTIVES
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APPLICATICHS OF HIGH TE4PERATURE INSULATIN

MOBILZ, SYSTM

- RDUE OOLING REQUIR4INS

POCD CONVECTION - NATURAL CONVECTION

VR COOLED - AIR COOLED

- INCREASE RELABILITY

LARGER MARGIN TO INSULUTION BREAKDt

* SPACE SYSTI 4

- E 1LS OL kMING OF ORGANIC INSULATING MATERIALS

IN VACUUM

- R ED ION IN COOLING RBMM24I1 T'; REJECT HEAT BY

THOhML RADIATION

* E2CTRICAL SYTEMS!~ EXPOSED TO PADMATION FIELW

I

VII-6 -15



I

IBibliography

I "Inherently Safe Core Design Program Annial Sumrary Report, July 1, 1976

through Septenter 30, 1977", WARD-IS-3045-6, June 1980.I
R. B. Tupper and M. H. Cooper, "Inherently Safe Core Design Program Annual

Summry Report, October 1, 1977 through September 30, 1978", VaUM-IS-3045-4,

June 1980.

j R. B. Tupper, M. H. Cooper and C. E. Swenson, "Nuclear Safety and Reliability

g-z ,Sclf-.- :,aa-ca'Lutd-own System Developv-nt, Annual Progress Re-

port, for the Period Ending September 30, 1979", WARD-SR-94000-4, March 1980.

R. B. Tupper, C. E. Swenscn, W. C. Frank, "Nuclear Safety and Reliability
Engineering, Self-Actuated Shftdwn System Developrent, Annual Progress Re-

port for the Period Ending September 30, 1980", WARD-SR-94000-25.

R. B. Tupper, A. M. Bernard, W. C. Frank, "Nuclear Safety and Reliability

I Engineering, Self-Actuated Shutdavn System Development, Annual Progress Re-
port for the Period Ending Septenber 30, 1981", KkRD-SR-94000-30.

I
g
I
I
I
I
I
I
i VII -6-16

_. ' ... . -.. . . ., _ ]I - ,--". ,,, , _- .. - , i . ... . ..-.... . .. _- - - .



BNT.-30872

RADA.ON DAMAGE MEASUREMENTS ON NONMETALS MADE 
DURING

IRRADIATION WITH 1 TO 3 MeV ELECTRONS

Paul W. Levy
Brookhaven National Laboratory, Upton, Nev York 11973

To investigate the fundamental processes producing radiation damage in non-

metals a unique facility has been developed for making optical absorption, lumi-

nescence and other measurements during irradiation with 1 to 3 MoV electrons.

Measurements are made with a 13 motor long double beam spectrometer arranged so

that all sensitive components, e.g. phototubes, are outside of the irradiation

chamber. A computer provides automatic control and data recording. A 256 point

absorption and a 256 point luminescence spectra are recorded as often as every

40 seconds in either the 200-400 or 400-800 - wavelength range. Samples are

irradiated, at temperatures between 20 and 900°C, in an electronically controlled

chamber containing He exchange gas and equipped with thin Navar windows to trans-

mit the electron beam and high purity fused silica windows for the spectrophotom-

eter beams. Radiation induced luminescence and absorption in the chamLer windows,

etc. is eliminatad by the double beam spectrophotometer.

Studies made with this equipment demonstrate clearly that many of the pro-

cesses occurring during damage formation are transient. For example, in NaC1

irradiated at 3000 C F centers are present during irradiation but disappear when

the irradiation is terminated. Also, when NaCl containing colloids is irradiated

at 1500C lowering the dose rate imediately decreases the F-center concentration

and increases the colloid particle concentration. In contrast, the F-center and

colloid concentrations change very slowly after the irradiation terminates. Thus,

in principal, by making measurements during irradiation one can determine both the

transient and stable defects introduced and, in turn, determine the damage formation

kinetics.

*Research supported by the DOE Division of Basic Energy Sciences and the DOE Office
of Nuclear Waste Isolation, operated by Battelle Institute-Columbus, Ohio, under
contract DE-AC02-76CR00016.
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COMPUTER CONTROLLED
MONOCHROMATOR No.2

REFERENCE BEAM (TUNABLE OPTICAL
DETECTOR BANDPASS FILTER)

COMPUTER CONTROLLED SAMPLE BEAM
MONOCHROMATOR No.1 LIGHT DETECTOR

]SOURCEi COMPUTER CONTROLLED
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CBANOPASS FILTER)
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Fig. c The equipment developed at Brookhaven NationalLaboratory frstudying radiation damage in nmeasby

computer is used for both experiment control and data
recording.
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Fig. 2 - The temperature controlled irradiation chamber foro
studying radiation damage at temperatures between 20 and 900 C.
It is equipped with thin Havar windows to transmit the electron
beam, high purity fused silica windows for the spectrophotometer
light beams and is operated with a He atmosphere to facilitate
precise electronic temperature control.
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OPTICAL ABSORPTION AND LUMINESCENCEI SPECTRA OF NATURAL ROCK SALT
RECORDED DURING ELECTRON IRRADIATION

I~~~~ 100- ________________

I ~ Z ABSORPTION

CL0 - - EN E
BAD OLOI

0 0-

0 1 2 3 4 5

IU w
Z >-V LUMINESCENCEI .

0.

t -j

IRRADIATION TIME,
in units of 10 sec

Fig. 3 -- Growth of the radiation induced F centers, i.e.
C1- ion vacancies, Na metal colloid particles and the

luminescence emitted by natural rock salt measured during
electron irradiation. The natural salt is similar to that

occurring in bedded salt deposits which could be used for

a radioactive waste repository.
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50- F-CENTER GROWTH IN SYNTHETIC ROCK SALT
S
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IRRADIATION TIME (sec)

Fig. 4 - Growth of radiation induced F centers in NaCI
measured during irradiation at various temperatures.
These curves were obtained from data similar to that shown
in Fig. 3. The F-center decay occurring after the measure-
ments were terminated is shown in Fig. 5
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SYNTHETIC ROCK SALT
F CENTER DECAY FOLLOWING IRRADIATION

1.0- DIFFERENT TEMPERATURES
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TIME AFTER IRRADIATION, sec

Fig. 5 - Decay of radiation induced F centers in NaCi
recorded after the irradiation was terminated.
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SYNTHETIC N'CI
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Fig. 6 -- NaCI F center and colloid absorption changes
produced in natural rock salt by changing the dose rate
during irradiation. Decreasing the dose rate causes
the F centers to decrease and the cLlloids to increase
by large amounts. The reverse happens when the dose
rate is increased. Most importantly, the changes which
occur when the irradiation is terminated are much smaller
than those which occur when the dose rate is chaneed. These
measurements show that at least one defect is present and/or
mobile only during irradiation.
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Fig. 7 -- Growth of radiation induced defects in glass,
measured during electron irradiation, and the decay occurring
after the irradiation is terminated.
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NBS 710 GLASS
GROWTH AT 2.6eV

8- AT DIFFERENT DOSE RATES
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Fig. 8 -- Growth of radiation induced defects in glass
measured during irradiation at different aose rates. The
decay recorded after the irradiation was terminated is
shown in Fig. 9.
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NBS 710 GLASS
1.0 DECAY AT 2.6eV AFTER IRRADIATION
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Fig. 9 -- Decay of the radiation induced defects in glass
occurring after the growth curves shown in Fig. 8 were

recorded.
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CHARGE INJECTION EFFECTS UPON PARTIAL DISCHARGES

IN A DC AND DC PLUS AC LAMINATE INSULATION ENVIRONMENT

W. J. Sarjeant, J. R. Laghari and R. Gupta

State University of New York at Buffalo

4232 Ridge Lea Road

Amherst, New York 14226

and

K. J. Bickford

MS 566

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

ABSTRACT

Foil-edge partial discharge phenomena in liquid impregnated lamin-

ate structures have been investigated. A partial discharge dependency

on V has been found to exist. Experiments support the hypothesis that

electric charges are injected into the dielectric regions near the con-

ductor edge by field-controlled charge injection during impressed voltage

transients. The resulting conduction current space charge can establish

equilibrium by reduction of the electric field intensity below the par-

tial discharge inception threshold. A temporal characterization of this

space charge injection is discussed relative to the effect on partial

discharge inception at the foil edge. The significance of these effects

in general insulation configurations having a combination of solid-liquid-

gas-vacuum interfaces will be discussed in some detail.
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SCHARGE INJECTION EFFECTS...

INTRODUCTION

Evolving power conditioning system requirements in many important

technological areas will place severe demands upon long-lived, repetitive

pulse-power components. A major pacing system component in this high

reliability, repetitive pulse-power technology is the energy storage

capacitor. Recently, increasing availabilities of quality plastic films,

especially polypropylene, and the discovery of the excellent properties of

perfluorocarbon liquids for impregnation fluids make spirally-wound,

plastic film/liquid impregnated capacitors a leading candidate for high

energy density, repetitively operated pulse discharge energy storage de-

vices. The dominant lifetime-limiting mechanism is this type of high

energy density capacitor is a direct result of partial discharge activity

at the buried foil edges, where the electric field is maximum. Objectives

of ongoing research programs include the characterization and understanding

of the mechanisms of this and related partial discharge phenomenon.

II
I
I
I
I
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CHARGE INJECTION EFFECTS...

A sharp and microscopically irregular foil edge defines the inner bound-

ary of a capacitor margin. The electric field intensity at these buried foil

edges can be very high, especially for unaligned foils, a configuration that

exists in all real capacitor geometries. Extended foil designs, because of

inherently better inductive, peak current and heat-sinking characteristics,

will be considered as the model for this discussion. Figure I Is a cross-

sectional view of a hypothetical foil edge, the section taken parallel to

the axis of the capacitor winding. This model embodies only the effects of

fleld enhancement caused by the dielectric permittivities interacting with

the geometries of the dielectric and foil edge; intrinsic, extrinsic and

charge-injection conductivities are not incorporated. The permittivities

are assumed to be homogeneous and of an electronic and/or ionic nature (no

rotational orientation polarization), so no frequency dependence in the per-

mittivities exists below microwave frequencies. Under these assumptions, the

electric field intensities at the foil-edge surfaces in the figure are repre-

sentative of the behavior during the risetime of a fast voltage transient

impressed on the foils. The particular foil-edge shapes are conservate repre-

sentations relative to real foil edges formed by commercial shearing processes.

The tendency to large field enhancements can be seen to be extreme. An en-

hancement factor of slightly greater than 7 occurs at the point where the

foil edge radius is minimum (0.01 mil); hence for this shape a field of 7800

volts per mil per kilovolt is hypothesized during a voltage transient. For

extremely well degasified and filtered perfluorocarbons, the thin-film break-

down strength has been measured to be in the range 11 kV - 13 kV per mil.

As shown in Figure 1, for an impressed transient voltage less than 2 kV,

the breakdown threshold of the liquid impregnant is exceeded and partial

discharges occur characteristically in the form of low intensity (< 20 pc)

impulse streamers at the foil edge.
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0 volts

1-mil polypropylene

perfluorocarbon
1-mi foi at 000 olts814impregnant

001-miu radius

1-mJI polypropylene

0 volts

Figure 1 . Electric field strength in volts per mil at a
J bogey foil-edge surface for 1000 volts applied

to the liquid-impregnated laminate structure.
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PARTIAL DISCHARGE INCEPTION VS DIELECTRIC CONDUCTIVITY

Considering only the effects of the dielectric permittivities and con-

ductivities interacting in a laminar capacitor geometry of large area and

small thickness, a two-component dielectric system can be modeled as shown

in Figure 2. The value of the ratio permittivity/conductivity (rearrange-

ment time) is on the order of minutes for polypropylene and perfluorocarbons

(10"11 F m'1 /lo"15 a-1 m-1 ) such that the effect of the dielectric conductiv-

ities on the electric field intensities is negligible for angular frequencies

exceeding fractional radians per second. The model shown in Figure 2 is,

therefore, appropriate for describing the electric field at the surfaces of

the foil edges when considering only the contributions from dielectric per-

mittivity and conductivity. The breakdown threshold of the impregnant at the

locus of maximum electric field intensity is again theoretically exceeded by

voltages less than 2 kV with rise times approaching dc values.
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plastic flm P- I2

dliui imprenn Tj L.L

- - - - -- Va

Figure 2. Model of a two-compenent dielectric system impedance
as a function of frequency.
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PARTIAL DISCHARGE INCEPTION VS INJECTED SPACE CHARGE

Charge carriers under the influence of an electric field can be injected

into a dielectric material from the surface of an electrode. These carriers

are transported through the dielectric, and are captured at the opposing

electrode. Charge injection is not an impulse breakdown process like partial

discharges, but is a continuous conduction phenomenon similar to intrinsic or

extrinsic conduction except the origin of the carriers is entirely external

to the dielectric, and the current is hyperlinear with the, electric field.

Two types of injection processes that have been specifically identified and

described are Schottky and tunnel injections: Regardless of the physics at

the electrode/dielectric interface, the result is a current density in the*

dielectric that can approach a space charge limited condition, where the

electric field at the injection site is reduced to a small value by the

proximity of the space charge. Because charge injection is a field-control-

led process, the current density will be maximum at the high field sites on

the foil edges. The conduction path follows the electric field vector and

injected current flows from the foil edge to the opposing foils through the

multiple layers of the dielectric, a distance approximating I mil. If the

charge injection process can become established during the rise or fall times

9f voltage transients across the conductive foils, the reduction of the elec-

tric field at the foil edge would increase the partial discharge inception

voltage. Although the time constants for the distribution of space charge

duing field-controlled injection are significantly shorter than the cl

ratio discussed above, the values are large compared to the millisecond charge

times and nanosecond discharge times of pulse discharge service.
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CHARGE INJECTION EFFECTS ...

Using the transport time for a slow electron under the influence of a

1-ky per mil field to travel a distance of 1 mil as a measure of the injected

space charge formation time,

tf d- (1)

where u is the effective carrier mobility, d is the dielectric carrier thick-

ness, E is the electric field near the foil edge (spatial average), and t f

is an estimate of the space charge formation time. The mobility is known

to be in the range 10-12 _ 10-6 m 2 V_ I .l for most dielectrics and is rela-

tively low because the carriers spend most of the time in shallow traps so

the mobility is an effective value. The range of t f is then calculated to

be 6 x 10- < t f < 6 x 10-l S.

The hypothesis that space charge associated with field-controlled in-

jection reduces the electric field intensity at the high field sites on the

foil edges and hence increases the partial discharge inception voltage has

been supported by the laboratory experiments being reported herein.
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CHARGE INJECTION EFFECTS...

Mock-ups of laminar foil-edge structures were constructed using 1-mil

mylar film and 0.5-mil foil, vacuum impregnated with vacuum degasified

mineral base transformer oil. DC partial discharge measurements were per-

formed with a Biddle corona test set coupled to a multichannel analyzer.

Pulse height and multichannel scaling signatures of the partial discharge

activity shown in Figure 3 were recorded as a function of the voltages ap-

plied to the foil-edge structures. Pulse height histograms exhibited ap-

proximately Maxwellian distributions with most of the partial discharge

impulses below 20 pC in magnitude. The multichannel scaling signatures

were approximately Maxwellian distributions in time, with most of the

activity decaying to zero in less than 10 s. The partial discharge in-

ception dependency on dV/dt, and the apparent time constants are in reason-

able agreement with the hypothesis that space charge from field-controlled

injection controls the partial discharge inception voltage at the foil

edges.
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Vapplied

-6 
kV

j 1-see voltage ramp

pd
counta

0 
30 time

Valpied

-6kV

- -see voltae ramp

time

pd
counts

1 30 ime

Figure 3. Partial discharges at the foil-edge structure as a3 function of time and applied voltage. The decrease
in Od (partial discharge) counts to zero by 15 seconds3 after voltage step is predicted by the space-charge
injection model herein presented.
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CHARGE INJECTION EFFECTS...

Impregnated 2-mil mylar/0.5-mil foil samples were observed to exhibit

no partial discharges when the applied voltages were increased from 0 to

+ 15 kV during intervals of 1-minute risetimes. The pd distribution in time

shown in Figure 4 exnibited a marked peaking and a minor tendency to narrow

in time for faster risetimes of applied voltage. It is hypothesized that

when voltage is applied across the foils faster than space charge can form

and reduce the field at the foil edge, partial discharges occur and create

an impulsed, spatial distribution of charges in the regions near the foil

edge, reducing the electric field below the partial discharge inception

threshold. For conditions where dV/dt is negative (decreasing voltage), if

the transient voltage is fast enough in fall time so the conduction current

cannot establish a reversal, the charges trapped In the dielectric by the

low mobility create an electric field by proximity with the foil edge that

exceeds breakdown and partial discharges occur in the opposite direction,

dissipating the excess space charge.

Because space charge formation due to charge injection is limited tem-

porally by the magnitude of the free carrier mobility in the dielectric, a

theoretically ideal Impregnant would possess the electrical properties of

high dielectric strength, low intrinslc/extrlioslc carrier concentrations,

and a high value for free carrier mobility so space-charge formation times

would be comparable or faster than the transient voltages applied to the

foil edges.
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Vapplied

1-secag rotaempm

a. time

Counts
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Figure 4. Partial discharge activity at a foil-edge structurI4,
as a function of time and applied voltage; voltage

j risetime was below thie + dV/dt threshold.
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CHARGE INJECTION EFFECTS...

ELECTRIC FIELD GRADIING TECHNIQUES AND MODEL STRUCTURES

TO MINIMIZE PARTIAL DISCHARGE ACTIVITY IN LIQUID-IMPREGNATED

POLYMER LAMINATE STRUCTURES

INTRODUCTION

This section describes some of the results of modeling electric fields

in the margin of a bogey plastic film liquid impregnated laminate structure

in which effects of foil edge shape, different impregnants, and grading wires

are examined. It will be concluded that placement tolerance and connection

problems make grading wires impractical and that folded foil edges remain a

very good solution to edge field grading.

In order to develop higher reliability laminate structures. it appeared

appropriate initially to carry out a modeling study of maximum fields develop-

ed for various foil edge shapes with various impregnants in an otherwise

specific bogey laminate structure.

8
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BOGEY LAMINATE MODELS

The bogey laminate geometry that was selected had a solid dielectric

thickness of 1 mil, representing two 0.5 mil polypropylene films, and a 0.1

mil impregnant layer next to the foil. The foil thickness was fixed at 1

mil, which should represent a single cut foil or a 0.5 mil folded foil. Thus,

in the bulk structure there was a 1.2 mil spacing between foils of opposite

potentials.

Foils are presently cut by such techniques as shearing, melting with

lasers or with electrical discharges. Figure 5 shows six shapes for foil

edges selected as representative of most possible configurations. Each

corner was rounded to a known radius to allow exact specification of the

electric field on the foil edge, as perfectly shape corners lead to singul-

arities in the surface field. Radii of 0.01 and 0.05 mils were used and

the functional variation of field with continuously changing radius on the

corners was also determined. At the horizontal coordinate of 0 mils, the

field was forced to be vertical. At 30 mils, the potential was set to

zero along the vertical boundary, representing the grounded connection.

The potential was zero well before 30 mils, so the solution is applicable

to longer margin widths.
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2 F@lL

"PL FILM

0 FOIL FI inciir

-2
0 10 MILS 20 30

SHAPE I SHAPE 4

SHAPE 2 SHAPE 5
!iLi

8 MILS 10 8 MILS 10

Figure 5. Bogey laminate structure with dimensions. Below

it are representative foil edge geometries utilized

in calculating the electric field distributions.

These edges would be located at the 10 mil distance

in the laminate structure.
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CHARGE INJECTION EFFECTS...

Fortunately in a problem such as this, containing multiple regions with

uniform permitivity in each region, extensive experience to date indicated

the maximum field in such region must occur on the boundary. Thus, it was

only necessary to compute the electric field along the foil edges and along

the interface between the impregnant and plastic film.

The solution to the Laplace equation yielding the potential and electric

fields inside the capacitor section was obtained using Green's third formula,

which gives the potential, in closed regions as a function of the potential

and its normal derivative around the boundary.

IU
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CHARGE INJECTION EFFECTS...

EFFECTS OF DIFFERENT FOIL EDGES AND IMPREGNANTS

To visualize explicitly the effects of different foil edges and different

impregnants in a film laminate, polypropylene film of I mil total thickness

was used with 1 mil foil thickness and 0.1 mil impregnant between film and

foil. Impregnant also filled the margin.

For each choice of impregnant there is an assumed dielectric strength

that the maximum field should not exceed, or breakdown occurs. This limit

sets the electric field in the polypropylene film, wherein the bulk of the

energy is stored.

Figure 1 shows the potentials of Shape 3, the 450 shear with 0.01 mil

corner radii, around the foil edge for 1000 V across the opposite foils.

The field enhancement factor at the foil edge is defined as the ratio of the

maximum field to the field in the impregnant in the parallel section. Figure

6 shows how moving to a much higher dielectric constant impregnant signifi-

cantly reduces the electric field in the laminate margins. The use of such

impregnants would be controlled by their thermal stability, chemical com-

patibility and ability to permit complete impregnation of the structure.

Their role remains to be determined.
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EQUIPOTENTIRLS FOR 1000 V ON FOIL
POLYPROPYLENE FILM

GLYCOL IMPREGNPNT

2 . vOLTS
--- -- --- -------: .. .. - .. .

,\ ' I , I ; I I

0 10 0 0 V OL ST \ .' , il

O0 VOLTS

-2 O veirsT

10 12 MILS 14 1 I8

Figure 6. Electric field distributions in a glycol-impregn.-:ed

laminate structure.
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CHARGE INJECTION EFFECTS...

Calculations similar to those illustrated in Figure 1 were executed

for the six foil edge shapes with two different corner radii and for six

representative impregnants: fluorinert, transformer oil, MIPB, silicone

oil, castor oil, and glycol. The Tables in Figures 7 and 8 show the bulk

field in the polypropylene and energy density including foil mass but ex-

cluding margin container mass when the maximum impregnant field is equal

to the assumed dielectric strength, Ds, indicated in the tables.

The bulk energy density, W, can be shown to be given by:

W Z [tD + (p /EI) tl] (2)

pp tp + PltI + Pft f

where the subscripts refer to p - polypropylene, I - impregnant, and f -

foil; e is the permitivity; t the thickness; and E the field. The dielec-

tric strength of certain impregnants is a strong function of thickness.

For example, recent experiments utilizing fluorinert yield data consis-

tent with around 11000 v/mil breakdown strength in impregnant thicknesses

of less than 1 mil decreasing to 500 v/mil in 10 cm thickness. Standard

dielectric strength tests with 1 inch spheres at 1 cm spacing are not

applicable for thicknesses less than 1 mil. The data used for dielectric

strengths is what was currently available.
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SILICONE OIL. CASTOR OIL GLYCOL

SIAPE RAOIUS . 3 W.

rina OOT ra.D sageTY riao avMsITrWMN* J/'. VM,,N J/4 vMa JAIt

1 .01 66. .024. 80.5 .034 528.1 1.29
.05 111. .067 134.5 .095 812.7 3.07

2 .01 68. .025 76.1 .030 302.1 .42
.05 115. .073 128.4 .087 509.4 1.20

3 .01 45. .011 52.7 .015 254.4 .30
.05 90. .04. 104.0 .057 476.3 1.05

4 .01 68. .025 82.5 .036 554.3 1.4.3
.05 112. .069 136.4 .098 849.3 3.35

- 5 .01 53. .016 68.5 .025 529.7 1.30
.05 N/A N/A N/A N/A N/A N/A

6 232. .294 265.9 .372 1032.2 4..94

Figure 8. Bulk insulating film field for various electrode

edge shapes, liquid impregnant and impregnant

breakdown field, Ds. Estimates of maximum laminate

energy density are also tabulated.
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CHARGE INJECTION EFFECTS...

ENERGY DENSITY AND DIELECTRIC STRENGTH

From the results of Figures 7 and 8, the importance of a high dielectric

strength for the impregnant is clearly evident. Even with the best impregnant

and the rounded Shape 6, the ultimate dielectric strength of 9600 V/mil in

polypropylene is not exceeded. Note also that differences between 0.01 and

0.05 mil radii of curvature on corners on the different shapes can affect

the energy density by factors of 2.7 to 3.9. The folded foil, as was pointed

out by Mandelcorn and Parker, has a substantial improvement in energy density

over bare cut edges.

The energy densities in the Tables of Figures 7 and 8 are on the order

of one hundred times greater for fluorinert than for the other impregnants

because of the high dielectric strength assumed (11,000 V/mil).

Since effective dielectric strengths for other impregnants in thin sec-

tions may be substantially higher than bulk stengths, the effects of foil

edges and dielectric constant were analyzed several other ways. In the

Table in Figure 9 the field in the PPL film was taken to be 1000 V/mil, as

used in many high-repetition-rate plastic-film liquid-impregnated capacitors.

I
I
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MAX I MUM FIELD IN IMPREGNANT
V/m il

(for 1000 V/mil in PPL, Kmp = 2.55)

SHAPE K, = 1.89 2.2 2.66 2.8 3.7 39.
1 .01 6961 6253 5471 5278 4345 947

.05 4157 3733 3267 3152 2602 615
2 .01 5965 5627 5230 5128 4599 1655

.05 3535 3334 3099 3038 2725 981
3 .01 9622 8835 7953 7732 6647 1965

.05 4864 4460 4013 3903 3365 1050
4 .01 6835 6133 5358 5167 4243 902

.05 4122 3697 3231 3117 2567 589
5 .01 9454 8210 6891 6574 5107 94.4

.05 N/A N/A N/A N/A N/A N/A
6 2077 1824 1563 1509 1316 484

RADIUS MILS

Figure 9
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Here in Figure 9 we see how the maximum field in the impregnant varies

J with the different shapes and with different dielectric constants. Several

conclusions may be drawn. The highest field for a given dielectric constant

occurs at the 450 angle of Shape 3. Shape 2 acts to reduce the maximum

field from that of a square cut (Shape 1). The maximum field on Shape 2

occurs in the 900 corner in the center. The projection at the center of the

foil edge in Shape 4 extending 0.1 mil at 45* and meeting in a 900 corner,

serves to slightly shield the charge build-up on the two corners as the

projection itself is shielded by the surrounding edge. Thus, the peak field,

though still at the outside corners, is reduced from that of Shape I and the

PPL energy density is slightly higher. The 450 projection at the lower corner

in Shape 5 makes the maximum field higher than on 906 corner in Shape 1 but

less than the 450 corner of Shape 3 where there are no nearby concave corners

to shield the tip. As expected, Shape 6 allows the highest energy density.
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CHARGE INJECTION EFFECTS...

ENHANCEMENT FACTORS AND MAXIMUM FIELDS

The Table in Figure 10 shows the enhancement factor, the ratio of maxi-

mum impregnant field to bulk impregnant field, for the various shapes.

For a given dielectric constant, this factor serves well to compare

effects of foil edge shape; however, it gives a distorted view of effects of

different dielectric constants relative to the plastic film since the higher

dielectric constant tends to suppress the impregnant field more in the bulk

than around the foil edge. As the impregnant dielectric constant is increased

relative to that of the film, the field in the impregnant is suppressed. Thus,

for a given dielectric stress, a higher impregnant dielectric constant will

allow higher energy densities.

While maximum fields in the impregnant have been presented for two radii

of curvature and for several specific dielectric constants, in examining the

results for other radii and dielectric constants, the maximum field, Emax'

for Shapes 1 to 5 could then be approximately expressed as a function

Emax -A Kfi•m (3)Kfilm

I
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I
I

ENHANCEMENT FACTOR

SHAPE K, = 1.89 2.2 2.66 2.8 3.7 39.
1 .01 5.16 5.39 5.71 5.80 6.30 14.5

.05 3.08 3.22 3.41 3.46 3.78 9.4
2 .01 4.42 4.85 5.46 5.63 6.67 25.3

.05 2.62 2.88 3.23 3.34 3.95 15.0
3 .01 7.13 7.62 8.30 8.49 9.64 30.1

.05 3.61 3.85 4.19 4.29 4.88 16.1
4 .01 5.07 5.29 5.59 5.67 6.16 13.8

.05 3.06 3.19 3.37 3.42 3.72 9.0
5 .01 7.01 7.08 7.19 7.22 7.41 14.4

.05 N/A N/A N/A N/A N/A N/A

D 6 1.54 1.57 1.63 1.66 1.91 7.4

RADIUS MILSi
I Figure 10.

I
I
1
I
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CHARGE INJECTION EFFECTS...

Here K1 p/Kf is the impregnant to film dielectric constant ratio and r is

the radius of curvature in mils. The Table in Figure 11 gives values of A,

B, and a for the five shapes. The fields on the 450 projection of Shapes 3

and 5 have a stronger inverse dependence on radius (= = 0.42) than on the

90 projections of Shapes 1, 2, and 4 (a = 0.32).

While a high permittivity impregnant will grade the field at a foil edge,

such impregnants may not have other necessary characteristics. Glycol, for

instance, does not wet or impregnate the capacitor well (refer to Figures

11 and 12).

V

I
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Figure 11. Parameter Values for
Equation 3

Shape A (V/Mul) B 49

1 4682 0.623 0.32
2 4409 0.386 0.325
3 6773 0.488 0.424
4 4593 0.633 0.314
5 5986 0.728 0.431
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CHARGE INJECTION EFFECTS...

WIRE GRADING

The effect of placing a conducting wire whose diameter equaled the foil

thickness in the margin parallel to the edge was computed for Shapes 1 and 3

in fluorinert. The Table-in Figure 12 gives the maximum field on the foil

edge or wire as a function of distance from the edge of the center foil to

wire edge. Note that it would be necessary to position the wire with a tol-

erance of a few tenths of a mil to insure limiting the maximum field.

The potential of the wire was held to the center foil potential of 1000

V in these calculations. If the wire is allowed to electrically float, the

potential drops to a much lower value, increasing the field stress. A 1 mul

diameter wire placed 0.25 mil from the edge of Shape 1 foil will have, then,

a floating potential of 530 V and will allow a maximum field of 5851 V/mil,

up from 3288 V/mil. Unfortunately, the wire cannot be held at the foil po-

tential during a transient current flow since the current flows at right

angles to the wire in the foil, and must be constrained to follow the wire

to a connection to the foil.

It is concluded that wires are an impractical solution to field grad-

ing, both from position tolerance and from electrical connection aspects.

While high dielectric constant impregnants will grade the field, no suit-

able material is known at present. Thus, folded foils are one of the best

solutions presently available to minimize partial discharge activity in

highly-stressed insulating laminate structures.
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MAXIMUM FIELD WITH 1 MIL GUARD WIRE
RADIUS = 0.01

[J-d-Q 7d-Q

d(m ii s) Emax (V/rn il) Erm.. (V/rn ii)

0.25 3288----
0.5 3623 3074
0.75 3916 3659
1.0 4189 4238
1.25 4436 4801
1.5 4649 5311
2.5 5243 6775
0.0 563-7 7792

Figure 12.
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Q & A - G. Sundberg

From: P. J. Turchi, R & D Associates

Could deep-impurity trapping concepts be used to modify
performance of photovoltaic cells, thermoelectrics, etc.?

A.
The answer is ,"yes". The addition of deep impurities

will definitely modify performance. Whether for good or
bad, however, would need some study. Gold and/or radiation
are often used to speed up p-n junction devices such as
thyristors by enhancing electron-hole recombination. This
gives fast recovery times but at the expense of increased
forward voltage drop. Usually designers of p-n junction
devices shy away from addition of materials giving deep
energy levels. Addition of relatively large amounts of gold
1010 to 101 4/cm3 will increase resistivities of the starting
material from 10-100-Q-cm to thn orders of 10 to 20 k 2-cm.
This may be desireable in the case of an edge illuminated
stacked solar cell where higher resistivity appears to be
helpful. We've not yet pushed our study in the direction of
deep impurities with p-n junction materials - this would open
up a whole new arena of research. Thank you.
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APPLICATIONS OF MATERIALS SURFACE

MODIFICATION TO PRIME POWER SYSTEMS

F. L. Milder

Spire Corporation, Bedford, MA 01730

ABSTRACT

Perhaps the single most pervasive design consideration in
engineering for space applications, including prime power, is
weight. Not only is the question of weight dealt with directly,
but it is also couched in such terms as cost effectiveness or
efficiency. Often basic component functions can be thought
of as twofold. Bulk material requirements are usually items
like lightweight strength, structural integrity, dimensional
stability or high temperature strength. Surface requirements
more often deal with wear, erosion and corrosion resistance,
electrochemical activity or electrical properties such as
conductivity or emissivity. For these reasons, the new tech-
nologies of surface modification are ideally suited for space
applications. Surface modification offers the ability of
custom creating materials with one set of surface properties
conjoined to a dissimilar or even mutually exclusive set of
bulk properties. The benefit of such specifically engineered
materials is an efficiency in component design which trans-
lates to weight minimization.

Modern surface modification techniques, including ion
implantation, sputter deposition, and plasma/ion deposition,
deal with thin film layers in the range from a few nanometers
to a few micrometers. Ion implantation is unique in that it
forcibly injects an element of choice into the near surface
region of a material. Thus, alloys or solid solutions are
formed unaccompanied by dimensional changes. The numerous
and varied deposition techniques, on the other hand, grow
coating layers, often with unique properties.

The developmental areas related to space prime power which
will be amenable to surface modification include wearing com-
ponents such as turbine blades, bearings and MHlD walls, fuel
cell and battery electrodes, superconductors , spark gap switches,
transformer cores for magnetic switching, storage capacitors,
and thin film solar cells.
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THE ADVANTAGES OF SURFACE MODIFICATION
TECHNOLOGY FOR SPACE PRIME POWER

Many components would benefit from the separate optimization of
bulk and surface properties.

Surface Modification techniques make available that ability of dual
j optimization.

The benefits will be predominantly in weight reduction and
increased efficiency.

Part Desired bulk Desired surface
, structure property function

bearing strength corrosion and wear
resistance, low friction

turbine blade high temp. structural oxidation and erocion
integrity resistance

MHD electrode high temp. structural alternating high and low
wall integrity electrical resistance; oxidation

and erosion resistance

superconducting low temp. strength, superconductivity, flexibility
energy storage rigidity
coil

fuel cell or strength, corrosion good electrochemical/catalytic
battery resistance, high activity, long lifetime, large
electrode electrical conductivity surface area

spark gap high electrical con- erosion, cputering, and
electrode ductivity, structural vaporization resistance

rigidity
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POTENTIAL APPLICATIONS OF ION IMPLANTATION IN S.P.P.

battery/fuel cell electrodes - choice of catalyst independent of support
system. Large specific activity.
(Li -electrodes, Pt-Fe, etc.)

superconductors - novel alloys, controlled compositions,
basic research. (Nb3 Sn on NbTi?)

spark gap electrodes - custom surfaces not subject to
delamination

bearings - bearing designed for performance optimi-
zation or strength; implanted surface
improves lifetime (implanted foil bearings
subject to abrasion)

turbine blades - high temp. alloys need improved oxidation
resistance (Y--Ti alloy)

MHD electrodes - specific control of conductivity of ceramic
components; alter emissivity of electrodes
for higher efficiency.
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G. K. Wolf Ilon implantation and catalysis 881

In fig. 4 the activity values measured at -50 mV current density-potential curves. under different
overpotential are plotted against values calculated implantation conditions compared with smooth iron.
under the assumption of additive behaviour of the smooth platinum and platinum sputtered onto tile
constituents of the implanted catalyst. We assumed surface of iron (l monolayer). The current density
that a sample with 10% surface coverage behaves like values as a function of the applied potential are a
a hypothetical sample consisting of 90,, original tar- direct measure of the amount of hydrogen formed
get material and 10% of the implanted element as at the specific potential. There is no doubt that tin-

smooth metal. Every deviation from the 450 line planted samples are much more active than smooth
illustrates an additional effect caused by the implan- platinum or a platinum layer sputtered onto iron.
tation process itself. The figure shows that only the Also, a change in slope with increasing implantation
pure metals are situated on the 450 line. All im- dose takes place. This indicates that the high dose
planted samples show orders of magnitude deviations: samples approach in their performance that of sup-
the lead implantation in the direction of low activity, ported platinum catalysts. even though the current
gold and platinum high activity, even higher than densities achievable with the latter are still higher.
smooth gold or platinum metal. It can also be seen Grouped by the activity at 77 = 50 mV we find the fol-
that the effect is a chemical rather than a physical lowing order of catalysts:
one. because samples in which only defects were Pb < Fe + Pb" < Fe < Au < Pt < Fe + Au* < Fe
produced (Pt' implanted in Pt, or Ar" implanted in
iron) display only a moderate increase in activity. + Pt* < supported Pt catalyst.

The highest positive effect arises from platinum in The benefit of the ion implantation technique in
iron. Fig. 5 shows the actual measurement, cathodic this field appears to be even more promising when

i1001i ( e nrilriro t ol
!Acm,-21 *FEPT 2  5 106

-2

PT2PT2 
106

E,

-5F. EL
l

-2" 1
"s *P nS, i1 log, li (colcultIK) -'

5 - -2 -1 lAcm-21

Fig. 4. Experiental currcnt-dcnsities of implanted iron electrodes at -50 mV overpotenti'l for the hydrogen redox reaction in
I N I1lS0 4 as compared with calculated ones. The values arc computed under hte assumptien that the sur'ace of an implanted
electrode acts as a smont'i ni.tal surl.ae c,mustsing of both cnmnonents as a :ain nt their sur'ace coverage. The distance from the
4t' line Wlustrates the nagnitude of the additional implantation effect (beyond this assumption).
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POTENTIAL APPLICATIONS OF SPUTTER COATINGS IN S.P.P.

battery electrodes - active electrode material on support of
choice

MHD electrode walls - ceramics mated to metals? amorphous
metal electrodes for erosion resistance

superconductors - sputter deposited thin films or fiber
coati ngs

transformer cores for - ultra-thin metallic glasses for higher
switching efficiency cores. Monolithic structure

with insulators possible.

bearings - sputter coating of solid lubricants (e.g.,
MoS 2) on many materials possible.

turbine blades - sputter coated fibers for Ti composite
structures; non-metallic (ceramic) composites.

capacitor storage - controllable composition dielectrics;
amorphous dielectrics
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[ FIGURE 7. LEFT SIDE: END-ON VIEW OF TANTALUM COATING
ON CARRON FILAMENTS (2160X).
RIGHT SIDE: SAME VIEW, TANTALUM X-RAY
FLUORESCENCE MAP.
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FIGURE 16. SCHE.MATIC OF PLASMA ION DEPOSITION. Complex ions
at energies up to 2 keV react on the substrate
surface to grow coatings.
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Figure 1. Setups for ion-activated film preparation
a - ion beam sputter deposition; b - ion beam deposition;
c - ion beam plating; d - dual beam sputter deposition;
e - ion beam activated evaporation; f - cluster resp. mole-
cule ion deposition
1 - ion source; 2 - ion beam; 3 - target; 4 - film; 5 - sub-
strate; 6 - sputtered species; 7 - evaporation source; 8 - mo-
lecular beam; 9 - partly ionised molecular beam; 10 - ionisa-
tion device; 11 - second ion beam; 12 - partly ionised clu-
ster beam; 13 - cluster beam; 14 - cluster source
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Figure 2. Energy spectra of the particles impinging
on the substraites for diffcrent modes of ion-activa-
ted film preparation

VII-9-10



I

I ,

POTENTIAL APPLICATIONS OF PLASMA/ION DEPOSITION FOR S.P.P.

critical wearing - hard coatings (e.g., TIN, cubic BN) can
components of rotating be put on high strength steels, etc.
generators and
turbines

photovoltaic - plasma grown thin film solar cells

I

I
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SUMMARY

Surface Modification technologies are ideal for space applications:

I. They offer dual qtimization of component design

2. Surface layers are truly thin, guaranteeing weight minimization

3. The technologies are varied enough to meet many different
specialized needs
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IN SITU MONITORING OF CRITICAL SYSTEM COMPONENT

EROSION BY NUCLEAR ACTIVAT~ION TECHNIQUES

F. L. Milder

Spire Corporation, Bedford, MA 01730

ABSTRACT

Surface layer activation is a nuclear material loss measure-
ment technique capable of measuring minute amounts of wear,
erosion, or corrosion in situ. Possible applications in the
area of prime power would concern parts subject to erosion
in !M and plasma sources, corrosion studies of electrodes,
wearing parts in rotating generators and pitting studies of
spark gap switches. The technique could be utilized in develop-
ment stage experiments or in order to monitor component
health in space.

The technique concept is straightforward. The wear point
of interest is first bombarded with a high energy beam of
nuclei from an accelerator. Some of the atoms in the bombarded
material become radioactive as a result and continuously emit
low level radiation. The depth distribution of the radioactivity
is approximately uniform; a typical depth might be 50 u'm.
The irradiated part is placed back in the system where it is
normally used. A nuclear scintillation detector is placed
nearby the wear point but totally external to the system,
and the radioactivity is measured by the detector. This can
be done through any intervening material, since the nuclear
gamma-radiation is highly penetrating. As the point of interest
is worn away, the radioactivity, as measured by the detector,
decreases and indicates the depth of material removed. The
depth sensitivity is approximately a fixed percentage (1-2%)
of the total activated depth. Thus, with the 50 uzm total
activation depth notpd, one would be able to measure reliably
1 i'm of wear.

In actual usage, the radioactivity profile as a function
of depth is not assumed linear. Instead, the profile is
obtained on a calibration part identical to the one being tested
by the controlled removal of material and simultaneous measure-
ments on the remaining radioactivity. This calibration curve
is then used, in reverse, to obtain the total wear depth from
an observation of the remaining activity in the test part. As
an example of its application, an ongoing program measuring
erosion in an h1PD thruster engina will be briefly discussed.
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Accelerator Beam Line and Scattering Chamber for Alignment and
C- Activation of Parts to be Measured
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The most accurate measurement of the radioactivity on a part of
interest is the area under the fitted gaussian photopeak
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SURFACE LAYER ACTIVATION

Advantages:

I. In situ measurement

2. Direct measurement possible

3. High sensitivity to wear (<I ,.m or <10 7 cc)

4. Only wear point of interest is measured--shape is controlled

5. Most common engineering materials can be activated

6. Long time scale for health monitoring or short time scale for
developmental efforts

7. Custom activation profiles possible

Disadvantages:

I. Relatively expensive

2. Some materials are difficult to activate

3. Some knowledge of radioactive handling necessary

4. Needs access to a particle accelerator
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Materials which have had successful application of the SLA technique:

C, N, O, Al, Si, Ti, U, Cr, Fe, Co, Ni, Cu, W, Pb, Sn

Depths which have been used:

15/Am (0.3Lm sensitivity) to 10cm

Time scale measurements:

data every three days down to data every 50 ms

Adaptability of technique:

Internal combustion engines- much intervening material

Missile reentry nosetips- extreme vibration and heat environment,
telemetry necessary

MPD thruster - many simultaneous, closely-space measurement
points

I
I
I



POSSIBLE DEVELOPMENT APPLICATIONS

erosion measurements for MHD walls and electrodes

in situ pitting measurements for spark gap switches

corrosion measurements on battery/fuel cell electrodes

wear measurements on bearings, turbine blade tips, seals, etc.

POSSIBLE HEALTH MONITORING APPLICATIONS

bearings and wearing components upon assembly

failure onset prediction of critical components

useful lifetime/replacement real-time monitoring

lb
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The Princeton MPD
Satellite Thruster (full scale 900
cross section), showing
11 measurement points on
BN, W, and Cu components

I>

2

z
0

I JI-
0

4 2 -1
CU 7005 z3

LETRIGHT r

3>-

to 6000

4

500
DOWIV

800 700 600 500

COLLIMATOR HORIZONTAL POSITION

VIl-il-il



-

0>0

'a--

o w

-a-

VII-11-1



I

0 -

= -=

c-

j~

---

+w
EZ

-CI

SIno

VII -11-13



2 w 0 -

/r 4 > z:,4
a) / 0X

M>

78 J

U, I

CA-A

z <'

*1.71
ww

'I

Tcj

vii-11-



4-I 1

'a ) L-
4-, CIL

4j 4- 01 ~

cl ' - "aL
a a
0 (n.0

-0 - 40 E 4-

CL 4-JC~ .~E-

CL. C 4-J

C=)~ 0- W -

03 4- -- 0
M, Cf)-1J-E

OC. -< CU V

U- - =.0-

w 4J0 0 4-G~d)
-1 a - - L4

7__ 0 W -J 4-

- - - a

4-J

=U CUi. o 4- W 0
0 C) W aC)O

L- 4 J 0 D C 4- -

LL 4- () L-
C) C/) - lQ

0 0 a 0 0-

0 0- 4-a.

=Cl CL -= 04-J 0 M4-

-- - 0 ()WC

L) > 0 ' cl 40 J

VII-12-1



z
0 0

00

ad F-
CL4 E-

~~VII-12-2



00

C-I

C-C)

LII-

0CD'

LL.
C=-,

- I-I

0j CD

LU cnL

LU - -. L

I-- ui

I-

CDC-

VI-23



o w~

0

0.4

z E

C.)

VII12C



C)
C,
C)

CLi
C /CL

C)-

LU u

C)

r~l I- II- T -5



rt.

z 0

0 C-
E- 9%

Wn 0

00

E-4

0. 0

0 z-

VII-12- 6



j4N~..

-1
/

/

K

K \..7 - - I.-

K

--- 7-

1
U

VII-12- 7

.$ ~ S.t.....~4= fl..ta,..~,,. V. V..A~', .4 4 '



-E--4

-4 0

0-4-

~ ~ VII gzJ 8



0)

4-J

0 0
CL ) (-

4-U 0

o 0 -

-o CL

= CL

o - 0

00

uJ 0

CU
0i

4I-12



/

.1

~z

~ I

VII-12- 10

I-''
~

k . . . .. ... .. .. . .~ ~ ~~~~ .. . . . . . . . . . ... . . . . . . .



-ra

100.0

c 0

A

A .
4c2

h.m

Sv

IC
IA

I VII-12- 11



0-

CA

Ln -4 -

4-4

VII12 12



K?
/

I'

?tfA
*1

P iI

i
I
I VII-12- 13



Ul (

cn V3 z
(n.d j j -4wz

-C0

a ) 1- V)~

z x (n U

-~ ~ E ) 0 - :3 Z

w) L) z0

Er- 04 0

( d 0 14 w L)E- U

tA E-4 (nU) ~

U)~ 0 1-4- U

zi cc n

~-4 U) - U) ) U)

0 0- E E -U

W e- on j

0 0q EnM

L) j :n w) U) > 0
U) 0.. L =

U) < U) 0 E-

0- a. U) (n E. U)n

o -U) ~~- VI -12- U) 4



'1=
0n

C)

(1) C0

L.

C) Ia
LUI

C(NI

2
C)) /

M/

C0 0 0L 0- 0

0)
1Ij

VI= 2-1



0 W" 0a L 000
-: = L 0 4-J. - X

C) U - U -0 - - ( 0 0
.0 4-. C ') 4-n c; 4- .4-.'

v1I> 0) :0 . U)
A (n r-4 (n) 00)(

-:) 0 wL- >
W C 0 V : CL r : C

OU - - -T 1= I 4-'-

* L- U L- ..

Q) . 4- rI (n 0 (
C10 04 s 4-0

0 0 w WL
4-1~ CL W 4- L-1 0 -

(nL 4- U-=

- -n - E/ .0 C. (UL

0)L C/ 0C. 4-J X

(/%4 I_-L 4-J U
L.. ( N '0 0 )0 ~0

LD C7)Lcr 0-1. a)E U)
A 0 >~ Cl4 0 - ( cl

a - .C 4
0 = 0 4-J 0

= 4-J / 4- C ' W C

.cn C '0 t - =.4-

L0a 0 'a-=0 ww '
4-J(/ -4-J W W W-
0/ 0 0 c L- U)

C/) 4-J 4- ' C l) C l.
0 c-L u C:)d(n c

L- a 4 -J Un0
>0 0 - u U)

c- %0J C) O C/) cn
-. 4-1) 0 0 lZ c 4-Jr- 4

0a (n .-< U C

1... 0 o -= C/) 41L 0 (

. -CU (n )C
(n) C0L 0 Sl

-0 E r"

0.1v) 0 0 CDL. 0

U0-0 0 0l C.3-

0 -C -4-

VII-12- 16 .



(/) LU

= L

cma LU 0

-jC

a- =L CD0
= I-

L)( C11 C IO l

uj LUiL
-- m

Li > LU '_ .) Cl

-U LUcm

LU D A C )

- L

LLJ~ CC/Z
3t ~ LU L) -

C D~ ~ C LOLo LU

VII-12- 17



FE C

0 -o

ti- - O 0y4-

4J4 1

U) x

-4) C I
4-1)

4- >S

>C C)

V4-- 0 - (

-4 - a

- - cL
cn~- 4)

,4-J -4)ci)
>%L w ) cn4-

O4-J 0 l

(1 0)
o U fn-04-

4- = 0O.
U)L CC4

4- 0+ L 4) 
C)- 0 .=' c

a 0 0~~

~40 >U)
4-0'

VII12 1



LUJ
LUJ LUJ

CCO

LL. LUI C

0: LU I C

LA- C/) cn Lo LO
LUJ C/) L

LLL LUI LUJ F- C)0

= ~ LL CCO C)( ~0 -
le LU) cm0

C)LU LL~ CO C) C) W <X LLU LL
LL- cn 0 = LM) L. L) L
=U 0: C~ L.)~ 0
C- LUcr C) CO MO

= - LUJ -j CO
0l C - LU caQ

w = -:,

=U = LU C) LU LU )
0D = - M: cO

C)C :) LU LUx CD <r

= I LU - -J
cm = = - :C

0)>- a_ = =.- 0)
cn = CO -JOC = = X<

< QD LU) LU) c
L- LLL = 0 cc

0 0 0 0 0 0 0 0

VII-12- 19



L4-J ()

(4-1

4-, 4-/)

W 0.0

C/)

.4-0 (L4-J

C/) L.

'D

C) 0

(u E

CL.)
E

0

0 0

~4- /
0 a4

c0 - -

0-C)

- m . 4--

4-' s 4-J Cn

004.'- 2



IL

0 CD,

0 0
cr-

LUJ

LI

VII-12- 21



S1c
-0 -

E =.

0>

4-

wCD-

"0 4-

cn
E -o

CC)

0C

UCC)

C Q

-4CU
-43

-4-

~4-

C)J

4-JO

4-0

4.

VI-- 22-



J.-J

0 u0

II

Q, LUJ

It

II-

VII-12- 23



0E

oco
U 4-
0 C

~cj

ou

9 o0

C-

C,

AC.

1.H0

_0

0 0

4 -J

00
> C

a
C)

tn

4-J

0

40 E

a0

4 -J0

VII-12- 24



BYDATr .uj~l Jon~ P-4 . o

CHKO. 19Y . A1I E

i. .. .. ... .. _

LA.j

00

z tz

0
4. CD.*

I<c Ac

2.U

VIi2i2



4-J

0

(C

00W
-a
0.

C)

00 C

VI0>-2



IL

- Is CD

- -- --- '~ ~ ~c%

VI 1- 27



L..

'4-J

-0

C.

4- =.

04-J

(-

Ea
- 4-'
4- C

cu

- U

4-

4-
4-

'4-- =
0-

0-

-0

0l 0

VII-12- 28



LUj

- plN L--

I- C, D

LU L UJ)C / C/7 C L L
- L J :he

O LJ w LU

C~o < LL-I--

C.-)

LLJ LLJ cVIIL1 - 9i .IL - L . - m ( )w u



~4 -J C

0.) 4

C3
4-J fLO

4-,-
0u.--w

'D - 4-

>C 4-
a.) 0 .

0.)

4-' -
(4- 4-.'

0
cu) 4-

-4- O
0 cfl
U - 4-.

-L0

4-J

4-.' u.)0

04-j
.e4- (n

0 0

0.

4-0 4-

0

VII-12- 30



'I 04

Co C

_~ C14

LU o

LU aJ

= LUJ

9:: LUJ CN

LAd - 0 C
LL. CD.~ LUI

-j-

CC

0 L
I- LLJ C) I

C0 LL

V) 00-

S Uj LUj = LUI

VII-12- 31



Q & A - B. A. Banks

From: A. H. Guenther, AFWL/CA

Are you aware of anyone using diamond-like films routinely
for optical coatings particularly in adverse or advanced
technology applications? (Besides Minn-Hoqeywell Gulf Western
Applied Research Lab.)
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Ceramics for High Power Sources in Space

Roy W. Rice
Naval Research Laboratory
Washington, D. C. 20375I

Abstract

The general potential issues, and forms, of using ceramics

in high power sources in space are first briefly reviewed; then

some specific examples of using ceramics in energy systems are

outlined. Next general ceramic research needs are discussed

followed by a discussion of the research opportunities that are

seen for ceramics; namely ceramic composites, fiber/whisker

processing (especially by polymer pyrolysis), ternary and higher

order compounds, and mimicing certain natural fiber-or bio-

structures.
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Structural Characterization of Materials

for High Energy Space Systems

Richard Gilardi

Laboratory for the Structure of Matter

Naval Research Laboratory, Washington, D.C. 20375

A review will be presented describing the use of diffraction

techniques for the characterization of the atomic arrangements

of materials in the amorphous, crystalline and fibrous forms.

This research relates structure to function or to physical and

chemical properties.

The techniques of x-ray, neutron and electron diffraction

are employed. Thy resulting diffraction patterns are trans-

formed into det,"led structural information. An additional

special technique involves the use of synchrotron radiation. It

is of particular significance to studies of small samples, sur-

faces and anomalous dispersion applications.

Examples that illustrate the broad applicability of

structural analysis are battery electrodes, photon energy con-

version devices, metallic glasses, active carbons, explosives

and propellants and biologically active substances.
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The following Figure shows the intensity of scattering

of Cu Ki X-rays by hydrogenated Silicon solar cell device
material which was prepared by deposition on substrates at

I 130 0C. (low T) and at 250 0C. (high T). At scattering angles

less than 10 , the scattered intensity rises rapidly for the
Ilow-T material, but not the high-T material. Empirically, it

is found that the low-T material is an inefficient solar

energy converter, although chemically it differs little
from the effective high-T material. The analysis of the

small angle scattering provides a measure of the volume
Jdistribution of voids in the solid. The results for the

low-T solid are shown in the succeeding figure. As much
as 10% of the volume of this solid is occupied by very

small voids. These voids may be empty or filled with some

form of Hydrogen, which is essentially transparent to

the X-rays used in this experiment.

I
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A carbon prepared from petroleum coke possesses an

extremely large adsorbent surface area (3500 m 2/g); X-ray
diffraction techniques were used to examine its microstruc-

ture. The predominant bonding topology exhibited by the
diffraction-derived radial distribution function corre-

sponds to distorted, intertwined ribbons of graphite-like
layers which are extended preferentially along the "b"
direction defined in the next figure.
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Amorphous metals (also called metallic glasses) have
unique and often useful magnetic, electrical and mecha-
nical properties. The X-ray and neutron diffraction anal-
ysis of two amorphous alloys, Yttrium-Iron and Terbium-Iron,
showed that short-range order persists in the amorphous
state. Much of the order can be related to the extended

order which is present in crystalline phases of the same
alloys. In YFe2 and TbFe2, the Fe-Fe coordination frame-
work persists in the amorphous state (at least out to sec-
ond neighbors) while the rare-earth component changes its
near-neighbor bonding substantially, showing a tendency to
form self-clusters which are not seen in the crystal.
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Structural Characterization of Materials

for High Energy Space Systems

Richard Gilardi

Laboratory for the Structure of Matter

Naval Research Laboratory, Washington,D. C. 20375
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Recent Advances in Molecular Dynamics

Presented by

Herschel Rabitz

Princeton University

at the

Space Prime-Power Conference 1982

The efficient generation of prime-power in space will ultimately be

achieved by drawing on fundamental and practical achievements. Regardless

of whether nuclear, magnetohydrodynamic, gas turbine or other power sources

are ultimately utilized, many common areas of chemistry and physics will

be drawn on to achieve the desired result. For example, materials science,

particularly in the high temperature regime, and various aspects of mole-

cular physics will enter into all of these solutions to the prime-power

problem. The purpose of this presentation is to give a summary of current

basic research directions in the field of molecular dynamics and illustrate

the present capabilities in the field. The words molecular dynamics refer

to atoms, molecules or ions which are undergoing changes due to interactions

with their environment typically by collisions or radiative processes.

The subject encompasses a wide variety of experimental and theoretical

endeavors and the presentation aims to summarize some key activities in the

field. Much of the basic research carried out in molecular dynamics during

the pasit several years has been motivated by various practical needs; space

prime-power requirements could play a similar role in the future. The

capabilities and present directions of the molecular dynamics field will

be summarized in the presentation.
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Recent Advances in Molecular Dynamics

Descriptive Material for the Viewgraph Presentation*

1. Molecular dynamics research has been carried out with two broad

motivations in mind. In the context of the present conference, the

practical need for space prime-power is of central importance. Fun-

damental concerns will also continue to play a role and their spin-off

to practical applications can also be expected.

2. The subject of chemical change lies at the heart of the field of

molecular dynamics and a number of specific areas of applied concern

are continuing to motivate research in the field. The chemical dynamics

community has responded very strongly to research needs from the areas

listed in the viewgraph and some of these have direct impact on space

prime-power. The following portion of the talk will be divided into

two sections: Experimental studies followed by a summary of theoretical

methodology.

3. The subject of chemical kinetics as a macroscopic phenomena concerns

the spatial and time-dependent evolution of reacting systems. Such

problems inherently involve a mix of traditional chemical reaction processes

as well as transport effects. All too often one or the otheL of these

items is ignored largely for the sake of simplicity. In fact, most

real problems will involve an interactive mix between transport ard

reaction dynamics and this point must always be kept in mind especially

when attempting to theoretically understand laboratory kinetic phenomena.

1 *The numbered paragraphs correspond to the viewgraphs on the preceeding

pages. VIII-1-2
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4. The chemical rate constants ki..j(T) can be expressed in terms of

a velocity average over the more fundamental collision cross sections

ai ~j (v_) . The indices i and J refer to molecular states or species

undergoing change. Recognizing this connection between rate constants and

cross section has led to efforts to invert the rate constants back to

the more fundamental cross sections. An important point regarding this

subject is the fact that the distribution function F(v,T) can in many

cases not be a Boltzmarndistribution. In fact, an important goal in

many problems is to establish this distribution function when the system

is in a highly non-equilibrium circumstance. Problems of this sort can

occur in thermionic converters and magnetohydrodynamic devices.

5. The transport of energy, momentum, angular momentum or other properties

is most easily expressed in terms of transport coefficients entering into

the kinetics of motion. There is continuing effort at measuring these

coefficients especially in the presence of unusual stresses. For example,

transport in the presence of external. thermal and magnetic field gradients

have been studied. These measurements are often very delicate but they

can yield valuable information for practical circumstances as well as

fundamental insights into the underlying molecular processes.

6. There is an entire family of measurements which can be categorized in

the field of relaxation phenomena. These measurements can either be done

in the time or frequency domain which are related to each other by a

Fourier transform. In essence, an experiment of this type is performed by

perturbing an otherwise equilibrium system and monitoring its relaxation

back to equilibrium. Since there are many different ways of performing

VIII-1-3



such a perturbation, it is always desirable to do as many ( linearly the
independent) experiments as possible and therefore extract out a familyIof relaxation times Tit r2,.. - Measurements of this type are also

attractive since they often can be carried out under conditions closely

simulating those actually of concern in practical engineering applications.

From a fundamental point of view difficulties can arise since the measure-

ments are in the bulk phase and unique characterization of the perturbed

state can be a problem.

7. Spectral line shape measurements represent a relaxation experiment car-

ried out in the frequency domain. The measurements are relatively easy

since they just involve the recording of spectral intensity as a function

of frequency for the substance of concern. The width Nv of such spectral

features is inversely related to the characteristic relaxation time for

the system. Measurements of this type are often referred to as half-state

selected since the optical radiation can many times be tuned to unique

initial and final states from which the bulk relaxation is connected.

A rich body of data can be generated when many independent spectral

transitions can be observed. With this in mind and the availability of

current high resolution spectrometers there has been much recent activity

in the area of inverting such spectral information into more fundamental

underlying collisional rate constants. These fundamental constants could

then be used to describe entirely different physical phenomena of interest

relying on the same underlying dynamical processes.

3 8. A variety of time domain relaxation experiments can be performed

using several system preparation and observational tools. Perhaps

the most far-reaching of these methods is the laser pump/probe technique

VIII -1-4



whereby the system is prepared in a non-equilibrium state by an intense

laser pulse and subsequently probed after a time delay by a weaker

radiative source. These type of experiments have generated a wealth

of information and may be expected to continue to do so.

9. The ultimate tool for probing individual atomic and molecular encounter

is the molecular beam technique. In this procedure, two beams of species

A and B in particular molecular states and relative velocity can be crossed

in a high vacuum chamber and the resultant products examined for their own

energy content and molecular arrangement. Joth ions and neutrals can be

studied. These experiments are very difficult to perform particularly

at high resolution and with complete state selection, however the technique

is available and can be applied when necessary. There has been recent

emphasis on its applications to very large complex polyatomic systems.

10. The subject of interfacial phenomena is receiving much attention in

chemical physics and the most basic process in this regard concerns

gas surface scattering. In many respects, this research is a spin-off of

molecular studies and the field has blossomed recently with the availability

of high vacuum technology and various surface characterization techniques.

Both reactive and non-reactive processes may be studied including those

where the surface may actually be damaged in a controlled fashion. The

parallel areat of research on spectral studies of surface absorbed mole-

cules is receiving much attention.

11. The theoretical treatment of molecular dynamics has followed along

two lines: an ab-initio route which aims to start with the hamiltonian



I
I

H and proceed through to the calculation of observables and the second

approach of using theory to provide a theoretical framework for the

analysis of experiments. This latter category of work has largely been

a recent activity and its motivation derives from the increasing availability

of high quality laboratory data particularly in the area of relaxation

experiments. Both avenues of work will be illustrated in the following

viewgraphs.

12. From an ab-initio point of view the microscopic realm of molecular

dynamics becomes a problem in solving Schrodinger's equation. This

equation becomes a multi-dimensional partial differential equation for

problems of realistic concern. The conventional approach is through

eigenfunction expansions yielding large sets of coupled ordinary differen-

tial equations. More recently there has been an increased interest in

directly approaching the partial differential equations by discretilation

methods such as finite differences or finite elements. The boundary integral

method appears to be a useful way of dealing with the problem.

13. Although quantum mechanics provides the proper description of micro-

scopic phenomenon, classical mechanics still has a wide realm of applicability,

when the wavelength associated with molecular motion is much smaller than

the actual particle sizes. In practice, this condition is often satisfied

and Hamilton's equationsof motion provide a very physical picture for

3molecular processes. The resultant initial value differential equations

are relatively easy to solve and classical mechanics has become a very

popular approach in the field.

14. The classical approach is most useful for treating large multi-particle
VIII-l-6



systems particularly involving polyatomic motion. Intramolecular energy

transfer from this classical perspective is a subject which has received

considerable attention. Along the same lines the classical study of

an ensemble of atoms such as constituting a solid surface is quite feasible

to treat. Atom-surface scattering including reactive sputtering processes

have been examined in this fashion and considerable insight has been

gained. The structure of liquids can also be examined from this approach.

15. The second realm of active development in theoretical methodology

is for the inversion of laboratory data. Inverse problems come up in

all types of molecular dynamics considerations and they represent a

particularly interesting and challenging field for study. Fundamental

questions of uniqueness of the inversion given a body of limited experi-

mental data are always a matter of concern. The goal here is to invert P

certain class of data back to more fundamental information such as cross

sections or even the hamiltonian and thereby use this information to

predict other new observables. The role of theory here is provide the

framework for this analysis without actually having to solve Schrodinger's

equation.

16. The goal of inverting experimental data has naturally led to the

subiect of scaling between different observations. The goal is to see

if a subset of the system observables can be found whereby the remainder

may be expressed (particularly a simple linear form) in terms of the

critical subset. Under certain dynamical approximations, one can show

that scaling naturally follows and there is a mounting list of experimental

data that exhibits scaling behavior to a high degree of approximation.

The linearized scalinS relations can be viewed as just the first term in

VIII-1-7
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a Taylor series whose coefficients are a special type of sensitivity

gradient.

I
17. There is a certain common structure to all mathematical modelling in

I science and engineering and recognition of this commonality naturally

leads to the development of powerful sensitivity analysis tools. All

mathematically defined physical problems can be viewed from an input/output

perspective where the input infnmation is often parametrically represented

by the parameters al' a2' ... and the observables 01, 02, ... are functions

of the input information. The equations (usually differential or integral)

connecting the input and output provide a scrambler or filter in

this connection. Sensitivity analysis aims to probe the relation between

the input and output information and the subject has already found use in

engineering and other applied disciplines.

18. The elementary sensitivity coefficients are defined as gradients of

the observables with respect to the input parameters and functional analogs

of the same gradients can be generated for systems having distributed para-

meters. In addition, an entire family of derived sensitivities may be

easily calculated by interchanging the systems dependent and independent

variables. In this fashion the interrelationship between system parameters

jand observables themselves as well as a host of other questions may be

explored. At a further level of sophistication, a feature sensitivity

analysis can be performed whereby any mathematically or physically meaning-

ful feature in the observables may be probed where there is dependence on

I the underlying parameters in the system.!
19. An example of the general mathematical modelling logic occurs in

5 VIII-l-8



chemical kinetics and this is schematically depicted in the viewgraph.

The input parameters consist of rate constants, fluid mechanical transport

coefficients and any other physical conditions such as initial species

concentrations or boundary conditions on the differential equations.

The observables are typically the actual species themselves but other

bulk properties may also be considered. In recent years considerable

effort has gone into the numerical solution of the generally non-linear

differential equations describing such processes. In addition, efficient

sensitivity codes are also being developed with particular emphasis on

the use of Green's function techniques.

20. This figure illustrates two derived sensitivity densities for a one-

dimensional reaction-diffusion system. For example, the bottom figure

is a density profile for how chemical species c1 at position x and time t

is influenced by a variation in chemical species concentration c2 at position

x' and prior t'. Clear evidence for a time delay on the species perturbation

is evident in the picture where the heavy dark line represents the locus

of sensitivity time delay maxima. When species 1 is probed at larter valuen

of x the time delay correspondingly increases. Densities such as this

be used as a guide for how to judiciously introduce perturbing species

or phdiical effects in order to control the overall spatial and time history

of the evolving system. A similar analysis can be carried out in quantum

mechanical systems where the input parameters now reside in the hamiltonian

and the output consists of all possible observables in the system.

21. The relationship between modelling laboratory experiments and sensi-

tivity analysis is shown in the accompanying viewgraphs. Often laboratory
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measurements are performed for the purpose of deducing structural informa-

tion about the underlying mathematical model such as a kinetic mechanism

or a force field. Sensitivity analysis can provide a very powerful quar.-

titative aid for the design and analysis of models and experiments in

such circumstances. A variety of questions can be addressed which would

be very difficult to treat by any other means.

22. The present capabilities of molecular dynamics for handling various

chemical systems is suimmarized in the accompanying viewgraph. Very

detailed questions of about energy transfer and molecular properties can

be addressed for small diatomic systems and more coarse grained

treatments are available for larger polyatomic systems. Intense research

activity is continuing in all of these areas and the frontier of the field

is directed toward treating larger systems. These problems are raising

new questions and new experimental and theoretical tools are being developed

to address these matters. On the one hand, molecular dynamics provides a

readily available ongoing resource for relevant problems in the space

prime-power area. In the addition, the latter applied topic will undoubtedly

raise its own unique molecular questions which could be addressable by

presently available or specifically designed techniques of molecular dynamics.
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Molecular Dynamics:

An Experimental and Theoretical Overview.

Motivation:

1. Practical phenomena and devices.

2. Fundamental concerns.I
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I Chemical Reaction Dynamics and Chemical Kinetics

j The primary motivation behind the field.

ICombustion
Atmospheric Chemistry

Chemical reaction control (design)

Catalytic activity

Surface Chemistry

Laser development

Materials science

I
!
I
!
I
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Chemical Kinetics

t 0, prepare the system -I

Al (0), A2 (0), A s(0)....

Let it react and sample at t >0.

Set up coupled kinetic and fluid mechanical equations

2 .transport + reaction

at terms terms

A mixed Initial/Boundary value problem.

Modelling is necessary to analyze the measurements.

Advantage/disadvantage -real, complex systems can be studied.

VIII -1-13



I4
I Temperature Dependence

Measuremencs at a given T.

Calculations at a given E.

k CJT) - Pfdvf(v,T)ac~i.(v)

Need ci+ at "all" energies

A Laplace transform of G:

invert ki-- to yield aCE).

VIII--1-14
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Transport Coefficients

Mass diffusion, thermal diffusion, viscosity, etc.

E and H field free: Little -ensitivity to anisotropic or target structure.

In an E or H field:

H

Slip effects, etc.

Transport effects on reaction rates

A bulk question of concern.



6I
General Relaxation Experiments

In the time or frequency domain.

Disturb a system in equilibrium and observe its rate of return.

Ideal case: do N independent experiments T., T2, ... TN

T jump, NMR, ESR, acoustic, shock tubes, etc.

Advantage: often easy to perform

Disadvantage: often difficult to know wha "state" has been prepared

and what Ti means.

I
I
I
I
I
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Spectral Line Shapes

Half-state selected observations

I j

LV

hv

Av versus pressure is measured.

Av is a relaxation rate - a known (but complicated) function of S-matrix

elements.

Advantages: relatively easy to do (with some care).

Disadvantages: the bulk phase. More unknown rates than possible experiments.

Theory is needed to analyze the data.

VIII-1-17
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I
Laser Pump/Probe Measurements

hv + m-4m* (pump)

m* + n : new products (probed)

t probe Careful time control

pump is needed.

Yields collision rates k(T)

Advantages: a bulk medium, polarization effects present.

Disadvantage: a bulk medium, kinetic modelling is needed to interpret

the data.

VIII-1-18
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Molecular Beams

Ideal: Crossed beams with full state and energy selection.

Ai ?

tE j =C+ -22+

sj

do
yields T versus all dynamical variables

Advantage: A maximum of information can be gained.

Disadvantage: Very difficult to perform; preparation and detection
problems.

i
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Gas-Surface Scattering

reactive and non-reactive

goal: understand surface chemistry

Experimental problems: characterization of the surface and detection

Theoretical problems: (a) phonon coupling (many states)

(b) surface defects (an ensemble of Hamiltonians)

A!

i
!
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Theoretical Molecular Dynamics

Realm of operation:

1. ab initio

H ~P observables

2. Framework for the analysis of experimental data.

a) H is unknown.

b) do not want to solve HIP E

VIII-1-21
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Conventional approach: Euto ehd

H~r)P~r - 4r),a siglepartial differentfal equations (PDE)

Break into many sets of coupled ordinary differential equations

E a (r 1 (r2,r,.
nJn I 203 "

3(r I Wr 1) Ea i (r 1)

Alternative Approach:

Solve P.D.E. directly by full (or partial) discretization

Finite differences, boundary integral, etc.

Advantage. N4o problem with strong coupling, and break-up can be easily
handled.

Disadvantage: Must handle (efficiently) large sets of sparse matrices.

VIII-=1-22
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Classical Mechanics

hDe target size classical

D target size quantum mechanical

"i p- " - -N

R(o), 2(o)- 1(t), 2(t

Initial value problem

Calculate the distribution of final (energy) momenta averaged over
initial conditions.

Advantage: Very physical and each trajectory is easy.

Disadvantage: No quantum structure and good statistics is expensive.

VIII-1-23 n
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Classical Applications

Large multiparticle systems

Polyatomic motion

Surface studies

C)i--2
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Inversion of Data

Assume a body of (good) data - is available for "all" states and

seek: V(r) intermolecular potential

Present method: parameterize V and fit to the data.

Uniqueness questions

Goal: Understand the mapping:

Sensitivity Questions S

Scaling of Observables?

i
I
I
I

I

VIII-l-25
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3 Scaling

UObservations: 01, 029..

U Goal: Seek a subset (Oil such that

j i

Ia) Use theory to find c ij

b) Use experiment to find 0'

c M
ij ao i

VII12
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Modelling in Science

Input Information

ais 012' a3 ..

=Equation of Motion

(scrambler)

output observables

0 (alp a2

etc.

vIII-l-2 7
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SensitivitY Analysis

elementary 30 2i etc.

Functional analog: 0 1 = 0 i(x)

OL c t Wx)

6 0 1 (x)

60 1(XI)

Derived: interchange variables

a1 p (%2 9 a 3 - 19 2' 0 3

i J obs.

Feature analysis:

0 ahhC7531)
/ax

VIII-1-28
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Modelling of Complex Kinetic Systems

k3

etc.

Procedure

Rate Constants

Observables:

......... ~ Equation .~species, bulk
Fluid Mechanics solver poetec
Parameters

Physical Conditions

VIII-1-29
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MDe 
fineModel

Clio a 9 ..

LDVIII-1-31



I

22
I

Present Capabilities

a) detailed electronic, vibrational, rotational questions on small
systems (diatomics).

b) coarse analysis on polyatomic systems.

Frontier

Large systems!

a) new questions

b) new tools

I
!
I
I
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0 & A- H. Rabitz

From: P. J. Turchi, R & D Associates

Do sensitivity techniques provide a new method of
deriving scale laws (predictions)?

A.
Sensitivity techniques do provide two perspectives on

scaling: I
I. The gradients (30i/30j) measure the relationship

between observables. The information can be used to (1)
scale one observable with respect to another and (2) allow
rank ordering of the observables with respect to their
system significance.

II. The gradients with respect to system parameter, L,
can be used in non-linear Pade approximants to scale the
observations to new regions of parameter space.

Qi (a A ) PN ()/QM (W,

where Q and P are polynomials.
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3 Recent Advances in Molecular Dynamics

Herschel Rabitz

I BIBLIOGRAPHY

Listed below are general references which give background and further

j access to current literature on research in the area of molecular

dynamics.

1. R. B. Bernstein, Editor, Atom-Molecule Collision Theory: A Guide for
the Experimentalist (Plenum Press, New York, 1979).

2. J. Nicholas, Chemical Kinetics: Modern Survey of Gas Reactions (John

Wiley and Sons, New York, 1976).

.3. W. H. Miller, Editor, lynamiria nf Mo1ecular Collisions (Plenum Press,

New York, 1976). This volume contains review articles on both quantum
and classical collision dynamics.

4. R. G. Breene, Theories of Spectral Line Shapes (John Wiley and Sons,
New York, 1981).

5. A. DePristo, S. Augustin, R. Ramaswamy and H. Rabitz, " Quantum Number
and Energy Scaling for Non-Reactive Collisions", J. Chem. Phys. 70,
850 (1979).

6. H. Rabitz, " Chemical Sensitivity Analysis Theory of Applications to
Molecular Dynamics and Kinetics", Computers.and Chemistry, 5, 1671 (1981).
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Abstract for Special Conference
on Prime Power for High-Energy

Space Systems

Chemical Physics of Vaporization, Condensation
and Gas-Surface Energy Exchange

Gerd M. Rosenblatt
'Chemistry-M4aterials Science Division

Los Alamos National Laboratory

Current understanding of the rates and atomistic mechanisms
of vaporization and condensation will be described. Recent results on
the dynamics of gas-surface interactions will be reviewed, with an
emphasis upon the degree of energy accommodation, both translational
and internal, which occurs when molecular gases interact with solid
surfaces. The discussion will center upon work from the author's
laboratory.
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direct trajectory

A.
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E= 1.2 kcal/mole

o T. = 200 K
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time (10's sec)

trapped t.jwkwy Ar + W
E= 1.2 kcal/mole

T. = 200 O
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Histogram plot of P(td) obtained from stochastic tra-
jectories for incident energy of 2.4 kcal/mole and T s = 300 OK.
The smooth curve is an exponential fit of the long time tall.
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THE BLIND MLN AND THE .LEP-ANT

T was six men of Iklostan The Fourth reached out an eager hand,
To learning much inclined, Aad fclt about the knee.

Who went to see the Elephant 'a .ost this wondrous beast is like
(Though all of diem were bIad), k mighty plain," quoth he;

That each by observation "Tis clea enouglq the Elephant
Might satisfy his mind. h y like a fel"

The Firs, approaching the Mame, The Fifh, w16 chanced to uch the car,
And happening to fall Said: E's te blincest man

Against his broad and away me, *Can wl se s rnsembles most;
At once began ao bowl: Deny the fict who an,

OGod Mlen met but thc Elephaot Irks marvel of m Elephant
s vy like a all " Isvery like a faslr

The &,cead, feeling of he tusk, • The Sith no sooner had begun
Cried, "Hol what have we here About the beast to grope,

So very round and smoth and sharp? Than, seizing on the swinging tal
To me 'tis mighty clear That fell within his scope,

This wonder of an Elephant. "I wee," quoh he, "the Elephant
h very like a spq r h vry like a sopelr

The Third approached the amimal, nAd = these men of Iadintan
And happening to take Disputed loud am i g.

The squirming block within his hads,, Each in his own l''c
Thus bldy up and spake: Exceedig "s and strcig.

"I we," quoth be, "sh Elehant Though each was partly in the right
b way like a maker' And all were in the wrong!

lo.sx Goonal SAX&
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G. M. Rosenblatt, "Evaporation from Solids," Treatise on Solid State Chemistry,
Vol. 6A, Surfaces I, edited by N. B. Hannay (Plenum Press, New York, 1976),
pp. 165-240.

G. M. Rosenblatt, "Vaporization Rates, Surface Topography, and Vaporization
Mechanisms of Single Crystals: A Case Study," Acccunts Chem. Res. 9,
169 (1976).

G. M. Rosenblatt, "The Role of Defects in Vaporization: Arsenic and
Antimony," Surface and Defect Properties of Solids, Vol. V, edited by
M. W. Roberts and J. M. Thomas (Specialist Periodical Reports, The Chemical
Society, London, 1976), pp. 36-64.

G. M. Rosenblatt,* "Translational and Internal Energy Accommodation of Molecular
Gases with Solid Surfaces," Accounts Chem. Res. 14, 42 (1981).
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"Thin Films"
by

Donovan, T./Guenther, A.

(Paper not available)
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Q & A -. A. Guenther

From: P. J. Turchi, R & D Associates

Will local shuttle environment be significantly different
from true operating one?

A.
Assuming you mean LDEF environment - probably so. But

it is very mission character specific (e.g., CW or pulsed).
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THERMIONIC CONVERSION FOR SPACE POWER APPLICATION

L. Yang and G. Fitzpatrick

ABSTRACT

Extensive efforts were made during 1960 to 1980 to develop ther-
mionic conversion for space power application. Between 1960 and 1972,
the efforts were devoted to the development of in-core thermionics.
Tungsten, niobium and A1203 were selected as the emitter, collector,
and insulator materials for the converter. Uranium carbides and urani-
um oxide were selected as candidates for the nuclear fuel. A total of
36 fueled thermionic converters and fuel elements were life-tested
during 1965 to 1972. These tests, supported by a dozen of out-of-pile
converter tests and several material irradiation tests, provided the
base of the in-core thermionic technology. Unfueled converter has
demonstrated a life of five years or more, while fueled converters and
fuel elements have been operated for one to one and one-half years.
The major limiting factors for converter life and performance were fuel
component diffusion through cladding and emitter cracking for the
carbide-fueled converters, and emitter swelling for the oxide-fueled
converters. Various means for mitigating the fuel effects on converter
life and performance were proposed but they were not thoroughly evalu-
ated before the in-core thermionic program was terminated at the begin-
ning of 1973.

Between 1973 and 1980, some limited efforts were made to replace
the in-core thermionic with out-of-core thermionics in order to elimi-
nate the undesirable fuel effects on converter life and performance.
Various approaches for improving converter performance were investi-
gated in order to either improve overall system performance or lessen
the burden on the nuclear heat source and the heat pipes used for
transferring the heat from the nuclear heat source to the converters.
The use of inert gas plasma and structured emitter and collector sur-
faces were found to be promising means for lowering the voltage drop
between the emitter and the collector and thus improving the converter
performance.

The test results available indicate that the base technology
exists for the development of an in-core thermionic nuclear system of a
life of about one year, and for out-of-core thermionic conversion sys-
tem with a life exceeding five years. In the latter case, the life-
limiting factors rest with the reactor heat source, not the converters.
Further work on converter performance improvement and fuel and insula-
tor material development will lead to thermionic systems of longer life
and better performance.

IX-l-1



Alignment Ceramic (A 2 3

Emte Cap (Tantalum)
-- =1K 5 ~~ Transition Piece (Tantalum)

____ -_-*~~Ta Talum -unGsten Dif'fusion Bond*k
FulCavity Seal Housing

Ceramic-to-Metal Seal (Nb-Al 2o3 -lqb)
11~*--* , ' Fu1se Plug (Ctx)

(b.1 2 03 -Nb)
Duplex Tungsten Emitter

.*.IN OE '~~'[Shea th Tbe (Nb 1% Zr)Re

OPERATING TE1PFERATtTRE; oKDuplex Emitter l881 (A-verage)
Trilayer 983 (Collector Average) 7100C
Tantalum-Tungsten Diffusion Bond 1262
Ceramic-to-Metal Seal 1078 (Ceramic Maximum)
Emitter Cap 1213 (Center)

TranstitnPice 1153 (Average)

Alignmient Spring 1773 (Maximum)

.Arrange-ment of Components and Operating Temperatures forI F Series Cells

IX-1-2



ITI

013 1

Tjj

I.. p 1-3

wbk.2 S



Iz

I-- -I-

I- 0 jL

i Zi

(A LM UL

I-. L- LU Z jI
I- I-J w U

LU L U L

zLU .. L

LU L 0 f 0 ZIP

u z U = U U
Q0 L LU uj (n 2

- = 0 ;

U 2  U) M ZL

CX zI U( 
LU U

- 0: 0. z --C J. Oz
x w 4 .JL LU U 0. U

LIU o e a . 4032 L

- 0 LU -z- -jw
LL- O.. mc U)U U

-~ IN )- 2 0LU L

WO Air~ 2
""021~L

4x1-

#tit



TEST INITIATION, 19XX
68167165 1 69 1701 71 72

ONGO I fl
TESTS, 1/73

)2,000

10,000

_W 8,000 0

LUJ

ui 6,000

4,000

4,000

0 5 10 15

INP ILE CONVERTER SEQUENCE NUMBER

IN-CORE THERMIONIC CONVERTER TESTS
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F Thermo7ABecton .
-I I RATON

I
Special Conference on Prime Power

for High Energy Space SystemsI
22-25 February 1982
Norfolk, VA I ,

THERMIONIC TECHNOLOGY FOR SPACECRAFT POWER:
PROGRESS AND PROBLEMS

Fred Huffman, David Lieb, Peter Reagan and Gabor Miskolczy .,

THERMO ELECTRON CORPORATION
85 First Avenue

Waltham, Massachusetts 02254

INTRODUCTION

Thermionic conversion is one of the most attractive options for use

with space reactors. It has a combination of characteristics, shown on

the FIRST SLIDE (1), favorable for space application. The mechanical

simplicity associated with no moving parts implies reliability. The high

temperature of heat rejection minimizes the mass of the radiator - which

is usually the heaviest component of large space power systems. The

high heat rejection temperature also limits the size of the radiator, which

is an important consideration, since all space reactor systems in the fore-

seeable future must fit inside the space shuttle bay. Modularity maxi-

mizes reliability by eliminating single point system failures. Although

thermionic efficiencies up to 15 percent have been demonstrated, much

higher efficiencies are theoretically possible with reduced electrode and t
plasma losses. In addition, thermionics is a demonstrated conversion

technology coupled to nuclear reactors. Unfortunately, the most impres-

sive demonstrations have been in the Soviet Union.

The apparent choice of thermionics by the Soviets for their high-

power space missions should be given careful consideration. This choice

IX-2-1
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was made by the same people who brought you Sputnik, the first hydro-

gen weapon, the first nuclear powerplant, the first nuclear-powered sur-

face ship, the world's largest breeder reactor and reactors for submarines

that outrun U.S. submarines.

NEXT SLIDE (2), PLEASE.

As is evident from this table of direct conversion reactors that have

been built and operated, the decision makers in the USSR were fully aware

of the potential and the limitations of thermoelectric reactors, ha j built

and operated Romashka using a silicon-germanium thermopile. S I-10A,

built by the United States, also used silicon- germanium thermoel, cs.

Although the design concepts of the Romashka and SNAP-10A tI "ectric

reactors were quite different, it is remarkable that both power s .as

yielded almost identical performances - namely, power outputs of about

0.5 kWe at efficiencies of around 1.5 percent. The Soviets were also well

aware of the potential and problems of TOPAZ thermionic reactors, having

reported on four generations in the open literature. The United States

has yet to build a single thermionic reactor. With the TOPAZ thermionic

reactors, the Soviets obtained over four times the efficiency of the Romashka

and SNAP-10A thermoelectric reactors as well as almost twenty times their

power output. It is quite likely that the USSR COSMOS reconnaissance

satellites are powered with thermionic reactors.

One does not have to have the strategic genius of von Clausewitz to

appreciate the military significance of the reactor power sources on the

Soviet satellites which are far less vulnerable to countermeasures than

the higher-drag solar arrays on our reconnaissance satellites. It is a

sobering thought that the USSR is now a decade ahead of this country in

space reactors.
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SYSTEMS APPROACH

Two basic system approaches have been pursued for thermionic

reactors, in-core and out-of-core.

NEXT SLIDE (3), PLEASE.

The former approach, which incorporates the converters inside the

core and is illustrated in this slide, represents the design concept that

has been utilized in the TOPAZ reactor and in-pile tests conducted in

the United States in the sixties and early seventies.

NEXT SLIDE (4), PLEASE.

The out-of-core system shown on this slide transfers the thermal

energy outside the reactor to a bank of thermionic converters. For a

given power level, the reactor and shield have a lower mass and the con-
version system is decoupled, to a large extent, from the reactor. In ad-

dition, mechanical coolant pumping is eliminated and heat pipes lend them-

selves to redundant systems.

It is not the purpose of this paper to contest the merits of these two

system concepts. Suffice it to say that out-of-core systems presently

are the more favored approach in this country.

In order to realize the system advantages of thermionic conversion,

it is necessary to operate the emitters of the converters at temperatures

of at least 1750 K. The emitter operating temperature is a compromise

between system performance, mission life and materials selection. The

temperature constraints imposed by using molybdenum in previous JPL-LANL

studies limited the therionic system performance. It would appear that

tungsten, or tungsten-based alloys, will be necessary for a high-performance

thermionic reactor system using lithium as the heat pipe working fluid.

IX-2-5
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TECHNICAL PROBLEMS

Based on the foregoing discussion, it appears reasonable to assume

that a thermionic reactor would be a high-temperature out-of-core system.

NEXT SLIDE '(5), PLEASE.

Such a design concept presents the set of well-defined problems

shown on this slide. Nucleonics is outside the scope of this paper and

will not be considered further. High-temperature lithium heat pipes

must be developed with the required configuration. For out-of-core sys-

tems the emitters of the converters must be electrically insulated from

the reactor heat pipe through a thermally conductive interface so that

they can be connected in series to obtain a more convenient and practical

output voltage for the power conditioning unit. A similar problem must

be resolved between the collector electrodes and the associated radiator

heat pipes. The radiator heat pipes will probably use sodium as the fluid.

Although available thermionic converter performance yields systems

with attractive specific masses of around 20 kG/kWe, higher efficiency

and power density are certainly desirable. For space systems, this im-

provement must accrue from reduced potential losses in the interelectrode

plasma since the radiator temperature will be too high to take advantage

of collector work functions lower than those already available.

HARDWARE PROGRESS

Fortunately, we are not starting from ground zero on these problems.

I will next summarize some developments which impact on these technical

problems.

NEXT SLIDE (6), PLEASE.

As you recall, the out-of-core concept requires that the thermionicI converter be coupled to both an emitter heat pipe and a collector heat pipe.

rhis photograph shows a module of three thermionic converters, each with

I an emitter and a collector heat pipe. This module effort was sponsored by
NASA through the Lewis Research Center.

I
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NEXT SLIDE (7), PLEASE.

This drawing shows a cutaway view of the cylindrical converter.

The tungsten emitter is heated by a tungsten-lithium heat pipe. The

heat pipes are immersed in a furnace insulated by MULTI-FOIL thermal

insulation and heated by radiation from tungsten filaments. The collector.

consists of a layer of tungsten oxide vapor deposited on a niobium-1%

zirconium alloy. The collector heat is rejected by radiation from a niobium,

1% zirconium heat pipe utilizing a potassium working fluid. This module

was tested over an emitter temperature range from 1300 to 1850 K and a

collector temperature from 700 to 850 K.

This effort was significant in demonstrating the design and fabrica-

tion of a prototypic out-of-core thermionic converter module for the first

time.

NEXT SLIDE (8), PLEASE.

This drawing shows a combustion-heated thermionic converter typical

of those built under the DOE program. The relevance of this terrestrial

converter to spa:e applications will become evident in a few minutes.

The hemispherical end is the active area of the converter. The tungsten

emitter is protected from the flame atmosphere by a silicon carbide coating,

via an intermediate graphite layer. This structure is fabricated by deposit-

ing tungsten onto the inside of a graphite mandrel to form the emitter and

emitter lead from tungsten hexafluoride by chemical vapor deposition, or

CVD. Next, silicon carbide is chemically vapor deposited onto the outside

of the graphite of the trialyer structure. A converter of this type has

recently operated stably for over 10,000 hours at an emitter temperature

of 1730 K. In addition, such structures have demonstrated excellent

thermal shock and thermal cycle characteristics.

IX-2-11
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JNEXT SLIDE (9), PLEASE.

This drawing shows the application of the CVD trilayer technology

to heat pipes which can operate at high temperature in air. This heat

pipe is charged with lithium.

NEXT SLIDE (10), PLEASE.

This photograph shows a short heat pipe of this type operating at

a temperature of about 1600 K. Clearly, the tungsten chemical vapor

deposition technology can also be applied to space converter and hent

pipe fabrication. In addition, GVD silicon carbide is a candidate material

for electrically insulating the converter from the heat pipe at emitter tem-

perature. Since silicon carbide has a band gap of 2. 4 eV, the pure ma-

terial should be an electrical insulator at projected operating temperatures.

Although the present CVD silicon carbide has a room temperature resis-

tivity of around 80 ohm-cm, no effort has yet been made to formulate

higher resistivity material by using better grade reagents, additives or

by modifying the deposition parameters. Therefore, the tungsten and

silicon carbide CVD technology represents a valuable resource for space

technology.

NEXT SLIDE (11), PLEASE.

This photomicrograph shows a niobium-alumina cermet that has been

used quite successfully to electrically insulate the collector while providing

a low thermal resistance path to the coolant. Unfortunately, the tech-

nology of making these cermets must be resurrected and refined. One

problem is that the starting materials are no longer commercially available.

However, the lab books for formulating the cermet are available and should

greatly reduce the development time for the collector insulator.

I
I
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SUMMARY OF REQUIRED RESEARCH AND DEVELOPMENT

NEXT SLIDE (12), PLEASE.

This table summarizes the areas of research and development required

for thermionic conversion. It is convenient to group these activities under

the headings of reduced voltage loss in the plasma, heat pipe development,

converter technology, systems analyses and fuel development. These

groups span both 6.1 and 6.2 funding categories.

NEXT SLIDE (13), PLEASE.

This chart illustrates a technology tree relative to reducing the arc

drop in the interelectrode plasma. Presently, the arc drop - or potential

loss in the plasma - is about 0.5 to 0.6 volts. Theoretically, it should be

possible to reduce this loss to about 0.1 volt. If only half of the theoret-

ically possible arc drop reduction can be achieved, it would mean a large

increase in thermionic efficiency and power density. In no other candi-

date conversion system for sptce is the potential for improv -ment so large

and the technical approaches for achieving the improvement as well defined.

Almost two dozen techniques for reducing the arc drop have been
proposed. It is evident that the electrode and plasma problems are coupled

so that arc drop reduction may well require electrode development. Be-
cause of priorities established in the DOE fossil energy thermionic program,

there has been only a superficial effort in this area. Clearly, there is

an immediate need for research in arc drop reduction.

NEXT SLIDE (14), PLEASE.

Heat pipe development areas are identified on this slide. Although

there is no question that reactor heat pipes made with tungsten walls and
lithium working fluid operate reliably with excellent heat transport, ques-

tions of alloy composition, configuration and fabrication remain, along with

the development of charging procedures to reduce oxygen concentration
to an acceptable level. A similar statement applies to the collector heat
pipes. Note that these activities span both 6. 1 and 6. 2 areas.

IX-2-18
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NEXT SLIDE (15), PLEASE.

Converter technology areas are tabulated on this slide. The problems

of electrically insulating the emitter from the reactor heat pipe and the

collector from the radiator heat pipe have been discussed previously.

Oxygen addition can significantly increase the optimum interelectrode

spacing to alleviate construction problems. Cesium-graphite reservoir

development also requires refinement.

NEXT SLIDE (16), PLEASE.

Some of the major system analyses that are needed are indicated on

this slide. The viability of the in-core approach needs to be resolved,

factoring in the existing technology base and schedule considerations.

NEXT SLIDE (17), PLEASE.

Fuel development is an area needing immediate attention. In this

country, this area has much in common with the weather - since everyone

talks about it, but no one does anything about it. Much of the systems

analysis is hampered by the lack of adequate fuel swelling data for the

fuel compositions, claddings, temperatures and geometries of most interest.

FINAL SLIDE (18), PLEASE.

This slide is an attempt to summarize this presentation. Thermionic

conversion is a primary option for space reactors, as evidenced by its choice
by the USSR. Although R&D problems exist, the technology infrastructure

built up over the past quarter century provides a sound basis for resolving

these technical problems. However, the only funding source for thermionics

is about to be zeroed and, unless some agency assumes responsibility for this

technology in the immediate future, an important national option for future

space reactor systems and fuel conservation will go down the drain. It

will be cold comfort that thermionic technology is alive and well in the Soviet

Union.

IX-2-22
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Q &A - F. Huffman!

From: Dave Bartine, ORNL

Does your out-of-core concept have the thermionic con-
verters between the reactor core and the shielding? Tf so,
do you envision any problem with radiation damage or heating
effects?

A.
The converters can be either between the reactor core

and the shielding or on the far side of the shielding. In
neither case are radiation damage or heating effects expected
to be a severe problem in view of: 1) in-pile converter
experiments in the USduring the sixties and early seventies
and 2) the in-core thermionic reactors built in the USSR.
In neither case were radiation damage or heating effects
significant. If the converters are located between the
reactor core and the shield, radiation effects may become a
problem for long missions. If the converters are located on
the far side of the shield, radiation effects should be
negligible.

From: A. P. Fraas

What was the efficiency of the combustion heated ther-
mionic cell that ran 12,000 hr @ 17300 K?

A.
' . 11%

What was the current lensity?

A. 7 A/cm2

How many power cycles occurred in the 12000 hr test?

A.
14

i

I
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Q & A - F. Huffman (Cont)

From: LTC J. Lee, AFWL

On what factual basis did you (or AIAA) conclude that
COSMOS 954 used thermionic conversion? Many folks disagree
with that conclusion.

A.
Apparently, the AIAA based its conclusion that the power

system for COSMOS 954 was probably a thermionic reactor on
the publications given at the 28th International Astronautical
Congress. Their conclusion was given in an AIAA report to
NASA, "A Critical Review of the State of Foreign Space Tech-
nology" (February 1978).

Personally, I feel that the AIAA is probably correct based
on:

1. The visual evidence of a large thermionic reactor pro-
gram which I observed as a member of the U.S. Thermionic
Delegation which visited the USSR thermionic facilities
(Leningrad, Moscow, Obninsk, Kiev and Sukhumi). In particular,
the Soviets showed us a large facility dedicated to testing
thermionic reactors at the Power Reactor Laboratory in
Obninsk.

2. The publication of test results on four generations of
TOPAZ thermionic reactors. The latest data are from 1977.

3. The latest results on the ROMASHKA thermoelectric
reactor of which I am aware date back to 1965. The U.S.
Thermionic Delegation was shown spare components of ROMASHKA
at the Kurchatov Laboratory outside Moscow. At that time,
the Soviets stated that they had stopped development of
thermoelectric reactors.

4. The Soviets have consistently identified thermionic
reactors for space applications requiring more than a few
kWe at:

a. 1975 Thermionic Specialists Conference at Eindhoven
b. Visit of the USSR Thermionic Delegation to the U.S.

in 1976
c. Visit of the U.S. Thermionic Delegation to the USSR

in 1977
d. Knorre, Elena, "Nuclear Energy for Space Exploration",

New Times (Translation) No. 7, Moscow (Feb. 10, 1978).

IX-2-28
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Q & A - F. Huffman (Cont)

5. The hundreds of USSR publications on thermionics.

6. The continued publication of thermionic papers in
"Technical Physics".

7. The active thermionic program at the Ioffe Institute
outside Leningrad (Ioffe was the "Father" of modern thermo-
electrics).

8. The high level support of thermionics in the USSR:

a. Kuznetsov, head of the USSR thermionics program, is
a Deputy Director of the Power Reactor Laboratory at
Obninsk.

b. Morozoff, former head of the USSR thermionics pro-
gram is a member of the USSR State Committee on
Atomic Energy.

9. The national pride of using an energy converter
invented in the USSR (Morgulis, 1956).

10. The continuity of organization and large resources
(Kuznetsov said that their thermionic program was planned on
a five year basis). It was the consensus of the U.S. Ther-
mionic Delegation that visited the USSR in 1977 that their
space power oriented thermionic program was over 10 times
larger than the U.S. terrestrial thermionic program. Sub-
sequently, the U.S. program has been cut to less than half its
size at that time.

11. The clear superiority of the TOPAZ thermionic reactor
performance relative to the ROMASHKA thermoelectric reactor
(> 4 X efficiency and > 15 X output power).

12. The identification of the TOPAZ thermionic reactor in
the paper by V. V. Bel'giy , "The On-Board Computer for Diag-
nosis of a Satellite Power Unit", IAF-79-F-168 Preprint, XXX
Congress, Int'l Astronautical Federation, Munich (Sept., 1979).

The foregoing reasons are factual, but circumstantial. I
know of no conclusive evidence that the COSMOS 954 reactor
was thermionic or thermoelectric. However, I have no doubt
(based on my interaction with the Soviets and monitoring of
their literature) that the USSR has the capability of operat-
ing a thermionic reactor in space. Clearly, thermionics has
significantly higher performance and development potential

I
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Q & A - F. Huffman (Cont)

than thermoelectrics which have been chosen for the only space
reactor system now under development in this country.

I am absolutely astounded that this conference has been
conducted with so little consciousness of the resent USSR
capability in space power. Even if the SP-10 can be avail-
able in 6-8 years, it will be a second rate system with
little growth potential which will very probably be inferior
to what the Soviets can now do. In my opinion, this is the
important question for this country and this conference to
address. Whether COSMOS 954 used thermoelectric or thermionic
conversioq is a peripheral issue.

*As stated by J. Mullin in Session I
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A Survey of
Recent Advances in

and
Future Prospects for

Thermionic Energy Conversion

ABSTRACT

J.L. Lawless
Carnegie-Mellon University

Some powerful advances in the fundamental understanding of
Thermionic Conversion have occurred recently. These include numerical
computer simulations and simple analytical models. As a consequence
of these advances, many new ideas are being developed with the potential
for major improvements in thermionic converter performance. In
particular, structured electrodes and oscillation effects now show strong
possibilities for important improvements. Further, modeling techniques
now exist to consider pore converters and third electrode converters in
detail whereas past studies have been mainly empirical. In summary,
greatly superior performance can be expected from future thermionic
converters.
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THERMIONIC ENERGY CONVERSION

MOTIVATION:

LONG RANGE MISSIONS

MODULAR CONSTRUCTION

HIGH TEMPERATURE HEAT REJECTION

RECENT THEORETICAL ADVANCES:

QUANTITATIVE COMPUTER SIMULATIONS

SIMPLE ANALYTICAL MODELS

PROSPECTS FOR NEAR-TERM MAJOR IMPROVEMENTS:

GEOMETRY

IONIZATION KINETICS

FLOW/OSCILLATIONS

CONCLUSION:

BECAUSE OF NEW THEORETICAL UNDERSTANDINGS MANY

NEW IDEAS ARE BEING DEVELOPED WITH THE POTENTIAL

FOR MAJOR IMPROVEMENTS IN THE PERFORMANCE OF THERMIONIC

ENERGY CONVERTERS,

I
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RECENT THEORETICAL ADVANCES

QUANTITATIVE COMPUTER SIMULATION:

STEADY (RASOR, TECO)

UNSTEADY (PRINCETON/CARNEGIE-MELLON)

SIMPLE ANALYTICAL MODELS:

ISOTHERMAL

NON-ISOTHERMAL

PERORMANCE IMPLICATIONS (LOW PD REGION)

1). ARC-DROP IS GOVERNED BY:

A) ELECTRON TEMPERATURE NEAR ELECTRODES

B) ELECTRODE/SHEATH BEHAVIOR

2). THE ELECTRON TEMPERATURE IS GOVERNED MAINLY BY
A PLASMA IGNITION CONDITION WHICH IN TURN IS
GOVERNED BY:

A) IONIZATION KINETICS

B) AMBIPOLAR DIFFUSION

3). ELECTRODE/SHEATH BEHAVIOR IS GOVERNED BY:

A) GEOMETRIC SHAPE (STRUCTURE)

B) SIZE OF STRUCTURE

C) ELECTRODE ELECTRON REFLECTION/TRANSMISSION

D) SPACE CHARGE BEHAVIOR, E,G, TRAPPED IONS

IX-3-4
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THERMIONIC ENERGY BALANCEI

PLASMA POWER LOSS = THERMAL LOSS AT COLLECTOR
+ THERMAL LOSS AT EMITTER

+ INELASTIC COLLISION LOSS

FOR CONVENTIONAL PLANAR DESIGNS:

I VD = 2 IE(K"e - KTE)/e + S(E)

I=CURRENT

VD=SHEATH PEAK TO PEAK VOLTAGE DROP

IE=EMITTED CURRENT

K =BOLTZMANNI S CONSTANT

Te=ELECTRON TEMPERATURE
T =EMITTER TEMPERATURE
sJE)=INELASTIC COLLISION LOSS
e=ELECTRON CHARGE

I
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STRUCTURED ELECTRODES

COMPARISON OF THERMAL ENERGY LOSSES FROM THE CONVENTIONAL

PLANAR ELECTRODE DESIGNS AND IDEAL COLLISIONLESS STRUCTURED

ELECTRODES: of

CONVENTIONAL PLANAR ELECTRODE: 2KT

TWO-DIMENSIONAL STRUCTURES: (3/2)KT

THREE-DIMENSIONAL STRUCTURES: 1KT

THIS REDUCED TJERMAL ENERGY LOSS DIRECTLY REDUCES THE

PLASMA ARC-DROP,

POTENTIAL REDUCTION IN ARC-DROP: OVER 200MV

PRESENT EXPERIMENTS INDICATE THAT STRUCTURED ELECTRODES

DO WORK BUT THE DESIGN OF OPTIMAL STRUCTURES REQUIRES

FURTHER THEORETICAL WORK,

IX-3-6



STRUCTURED ELECTRODES

COMPARISON OF THERMAL ENERGY LOSSES FROM THE CONVENTIONAL

PLANAR ELECTRODE DESIGNS AND IDEAL COLLISIONLESS STRUCTURED

ELECTRODES:

CONVENTIONAL PLANAR ELECTRODE: 2KT

TWO-DIMENSIONAL STRUCTURES: (3/2)KT

THREE-DIMENSIONAL STRUCTURES: 1KT

THIS REDUCED THERMAL ENERGY LOSS DIRECTLY REDUCES THE

PLASMA ARC-DROP.

POTENTIAL REDUCTION IN ARC-DROP: OVER 200MV

PRESENT'EXPERIMENTS INDICATE THAT STRUCTURED ELECTRODES

DO WORK BUT THE DESIGN OF OPTIMAL STRUCTURES REQUIRES

FURTHER THEORETICAL WORK,
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MORE POSSIBILITIES FOR POTENTIALLY MAJOR IMPROVEMENTS

GEOMETRY:

-THE CONVENTIONAL PLANAR DESIGN IS NOT OPTIMAL.

-THERE ARE THREE INHERENT LENGTH SCALES:

-A. THE GAP SIZE

B. THE MEAN FREE PATH

C. THE DEBYE LENGTH

-THEORY AND EXPERIMENT FOR STRUCTURED ELECTRODES
HAS CONCENTRATED ON STRUCTURE SIZES BETWEEN
B AND Co

-MICROFABRICATION

-PORE CONVERTERS.

-THIRD ELECTRODES

IONIZATION KINETICS

-ELECTRON-ATOM IONIZATION KINETICS ARE NOW FAIRLY
WELL UNDERSTOOD

-MOLECULAR PROCESSES ARE NOT AT ALL UNDERSTOOD AND
HOLD MANY POSSIBILITIES

FLOW/OSCILLATIONS

-PRELIMINARY EVIDENCE FROM BOTH THEORY AND EXPERIMENT
HOLDS THAT THIS AREA HAS MUCH POTENTIAL

1
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SUMMARY

1). RECENT THEORETICAL ADVANCES HAVE OCCURRED IN THE

FOLLOWING:

-STRUCTURED ELECTRODES AND OTHER GEOMETRIC EFFECTS,

- OSCILLATIONS

THESE NOW SHOW STRONG POSSIBILITIES FOR MAJOR IMPROVEMENTS

IN THERMIONIC PERFORMANCE

2). MODELING TECHNIQUES NOW EXIST TO CONSIDER THE FOLLOWING

IN MORE DETAIL:

- PORE CONVERTERS

-THIRD ELECTRODES

3). MOLECULAR IONIZATION PROCESSES NEED MORE STUDY BOTH

THEORETICALLY AND EXPERIMENTALLY BUT MAY POTENTIALLY

BE VERY IMPORTANT

IX3-
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3 Q & A - R. Haslett

From: M. Cooper, Westinghouse

What is the maximum operating temperature of the flat

F I plate, variable conductance heat pipes? What is the working
I fluid and heat capacity per unit?

A.
Fluid is methanol. Nominal operation is for electronics

limited by heat pipe performance but by surface area (radiator)

From: G. Parker, Westinghouse

Do not agree with your statement that Brayton system

"always optimize at low heat rejection" (2000 C). Optimize
with respect to what? Certainly not system size and probably
not on system weight. For MW(e) level systems, Brayton
systems in space will give up some efficiency-yes-by reject-
ing heat at higher temp's. But this will be an acceptable
price to pay to get a reasonably sized radiator.

A.
I was referring to Thermal Cycle efficiency which requires

rejecting at lowest possible temp. I certainly agree with
your comment that a "real" optimization (either size or
weight) will not necessarily result in a 2000 C Brayton or
3000 C or any other specific temp. My only point was that
the radiator (or whatever heat-ejection system) is such a
large part of the total weight that it must be accounted forj in even very preliminary system trades.

From: P. J. Turchi1, R & D Associates

I Please comment on low temperature heat removal from
circuit components and system costs of refrigerators.

I A.
Refrigerators can be applicable to boost reject temp.

providing the cost of power is cheap enough. Systems tradesI are necessary but large nuclear power systems might make for
effective use of refrigerators.
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THE LIQUID DROPLET RADIATOR

A.T. Mattick, A. Hertzberg,

University of Washington, Seattle, WA

and R. Taussig,

I Mathematical Sciences Northwest, Inc., Bellevue, WA

IAbstract
A new type of radiator will be discussed which uses a recirculating stream

of liquid droplets as a radiating element in place of the solid surfaces used
in conventional tube and fin radiators for space. By virtue of the large sur-
face to volume ratio of small droplets the liquid droplet radiator (LDR) has
the potential of being many times lighter than the lightest solid surface rad-
iators yet developed (heat pipes). In addition the LDR may be much more simply
and economically deployed since the radiating element is transported as a liquid.
Preliminary studies of the physics and engineering of the LDR have not revealed
any exceptional obstacles to development of a practical LDR based on existing
technology. Generation of droplets (zlOOum diameter) may utilize the methods
developed for ink-jet printing, and collection devices using rotation to simu-
late gravity appear workable. Liquids have been identified which have low
enough vapor pressures that evaporation losses over durations of tens of years
are tolerable. Liquid tin is best for heat rejection between 5000K and 10000K,
tin eutectics between 370°K and 600°K, and silicone oils between 260 0K and 4000 K.
These span a temperature range for virtually any heat rejection requirement in
space. Moreover, the LDR is scalable over a wide thermal power range (103-109W,
depending on the liquid) and is virtually immune from permanent damage due to
micrometeoroids. Several applications, including thermal engines, active
cooling of photovoltaic cells, and refrigeration have been investigated.
Emphasized in this paper is the need for li-htweight structures and fluid-
handling components for an LDR system, to take best advantage of the low mass
of the droplet sheet itself.

I
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FIGURE EXPLANATIONS

Figure 1 illustrates how the liquid droplet radiator (LDR) could be deployed
on a solar power satellite. Waste heat from the power cycle on one module
is transferred to the radiator liquid which is then projected toward the
second module. After radiating energy the cooled droplets are collected,
reheated, and sent back to the first module to complete the loop. The droplets
form a thin sheet, edge-on to the sun, to minimize solar absorption.

Figure 2 shows a LOR deployment scheme for a nuclear thermoelectric power cycle
in space. The heated liquid is fed to the droplet generator along a pipe
which also serves as a support boom for the power conditioning and transmitting
equipment.

Figure 3 indicates the method of droplet generation. Jets of liquid emerge from
a pressurized plenum through small (zlO0rm) orifices. These jets break up
into droplets via surface tension instability. A vibrator can be used to per-
turb the emerging streams at a desired frequency to assure uniformly sized
and spaced droplets. This technique has been successfully used for ink jet
printing, which requires very accurately directed streams of droplets in the
30-100m diameter range.

Figure 4 shows photographs of mercury droplet streams generated at the University
of Washington. Conditions are identical for streams A and B, except stream 3
is driven acoustically at g kHz by a piezoelectric element. This dramatically
improves droplet uniformity. Studies of droplet generation, collection,
splashing, and collisions are underway at the authors laboratory to identify
suitable technologies and potential problems of manipulating droplets in a
droplet radiator.

Figure 5 illustrates a means of collecting the droplet streams in space. The
Mllector is essentially a rotating drum to produce an artificial g-field.
The collected liquid migrates to the periphery where it is effectively
pressurized by centrifugal accelleration, and collected by scoops for transfer
to a heat exchanger.

Figure 6 shows the operating temperature ranges and figures of merit (proportional
to power/mass) of candidate liquids for the LDR. The lower temperature cor-
responds to either the freezing point or high viscosity limit, and the upper2
temperature to an evaporation rate that would yield a mass loss of 0.03 kg/m -year.
(By comparison the lightest heat pipe radiators weigh 5-10 kg/m.) The oils
KEL-F and Dow 705 are excellent because of their light weight and high poten-
tial emissivity, but have excessive vapor pressures above 300-400°K. Gallium
and indium would also be excellent materials, except they are orobably too
expensive to be practical.

Figure 7 compares the masses of the radiating surfaces (neglecting fluid-handling
components) of the LOR and heat pipe radiators for a radiated power of 7.7 MW.
The LDR uses liquid tin droplets having emissivity cO=0.l. As indicated, the
LDR droplet sheet mass is proportional to droplet radius and can be made arbi-
trarily small, subjectonly to the difficulty of producing small droplets.

X-2-2



IFigure 8 illustrates the mass breakdown for a liquid tin LDR system, and for a
heat pipe radiator system, both performing the same heat rejection function
for a potassium Rankine cycle. The LDR components are: droplet sheet (DS),I droplet generator(G), collector(C), heat exchanger (HX), and pump (P). The
heat pipe radiator includes: heat pipes (HP), manifolds (M), through-pipes (TP),
and potassium inventory for the radiator section (K). This heat pipe radia-
tor was designed by Boeing to reject heat at 9300K from the Rankine cycle.
The mass of tin is accounted for in each LOR component and, in fact, domii-
nates the mass of each component. Although this breakdown for the LDR is
speculative, it indicates that to realize the low mass potential, structures
and fluid-handling components must be designed to emphasize the low mass
of the radiating element (droplet sheet) itself.

Figure 9 shows a rotating-boom LDR configuration which creates a very large
radiating surface compared to the linear configuration for equal sized
generation and collection components. The droplets are ejected on radial
trajectories which by virtue of the rotation of the system as a whole, results
in a spiral sheet pattern. This configuration is especially suitable for
compact energy sources such as nuclear reactors.

Figure 10 depicts a lightweight structure that would be appropriate for deploying
the droplet generator or collector for an LDR. The liquid could be fed to a
generator in a pipe along the structure, with the droplet stream passing down
the axis to a collector at the power-generation end. This structure can be
made very light and can have a stowed length 1/20-1/50 of the deployed
length, and is thus ideal for transport by the space shuttle, for example.

x--
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1 FIGURE 4

x

I
I

X-2 -7



(a) Collector Cross-Section
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0 & A - A. T. Mattick

From: H. Brandhorst, NASA Lewis Research Center

Droplet charging and collisions appear to be magnetic
loss mechanisms in the liquid drop radiator. Would you
comment on magnitude of the problem and solutions. What's
the effect of the earth's magnetic field @ tin?

From: P. J. Turchi, R & D Associates

Please comment on interactions of droplet flow/cloud
with space plasma, magnetic field, EM fluctuations and
induced currents.

A.
We have begun to study the problem of droplet charge

accumulation and the effect on droplet trajectories. Assum-
ing an electric field at the surface of a droplet sheet
E -' O/XD (OnkTelec • XD = shielding length), and that
this field is due to uniform distribution of charge on drop-
lets within the cloud, the accumulated charge would lead to
tolerable deflections C ' 10 mrad) for both dense, cool
plasmas (up to 1 RE) and also for tenuous hot plasmas (near
geosync. T %, 500ev). Work remains to be done on charge
transfer between drops and spacecraft and among drops.

From: Martin Cooper, Westinghouse

How do you handle self-shielding in the liquid droplet
radiator as the diameter of the cloud of droplets increases?

From: Steve Wax, AFOSR

Are the system efficiencies you calculated based on the
effective radiation from a cloud of drops which is, of course,
less than the radiation from the same number of isolated
drops?

From: P. J. Turchi, R & D Associates

To what extent do the droplets obscure each other in
attempting to radiate- Does the cloud essentially radiate
from the total surface or the summation of the droplet areas?

A.
We have analyzed the radiative properties of the droplet

sheet taking into account the low emissivity of liquid

X-2-14



j Q & A - A. T. Mattick (Cont)

metals and the finite view factor of drops. The result for
liquid metals is that the mass/power is 10-15 times as
great as for isolated "black" droplets. The LDR can still
be for lighter than a heat pipe radiator (e %, .7 typically)
for droplets ' 1001im diameter.

From: E. Wabridge, Argonne National Laboratory

1) Is it not the case that a missile-penetrating laser
pul~se scoring a direct "hit" on the-liquid droplet stream
would "kill" the entire system?

2) As a % of rejected (heat) energy, how much energy is
needed to create the droplet surfaces?

1) It might evaporate the liquid in space during the hit.
But the system could easily be restored with new fluid.
We are currently exploring the use of a droplet sheath to
protect satellites against such beams.

2) Surface tension energy (even for liquid metals with
C' "u.500 d(cm) is not important unless. droplets on the order
of iim. diameter are used.

From: M. Cooper, Westinghouse

What is the projected life of a liquid tin liquid drop
radiator at 14000 K considering losses because of evaporation?

A '1 day for liquid tin (30 years at 10000 K)

From: C. Badcock, Aerospace

Do all droplets remain in the system? Any loss would
pose severe contamination problems

From: Robert Barthelemy, USAF

What are the estimated losses of your *liquid" to space
in a practical system? Csay for 10 Kw system over 1 year)
not just vapor pressure losses)

A.
No estimates of droplet loss due to droplet collisions or

misdirection. of jets have yet been made. Only solutions to
contamination due to these loss mechanisms appear to be the
use of bottles or the enclosure of the droplet cloud by a
very thick transparent sheet.
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THE LIQUID DROPLET HEAT EXCHANGER

A.P. Bruckner
University of Washington

Seattle, WA 98195

Direct contact heat exchange between a gas and a molten metal dispersed into
droplets offers an attractive new approach to increasing the efficiency and decreas-
ing the specific weight of thermal power cycles for space applications. The ability
of a droplet heat exchanger to transfer heat directly from a liquid metal to a work-
ing gas over a wide temperature range circumvents many of the material limitations
of conventional tube-type heat exchangers and does away with complicated plumbing
systems and their tendency toward single point failure. Droplet heat exchangers
offer large surface to volume ratios in a compact geometry, very low pressure drop,
and high effectiveness.

In the simplest configuration the molten material is sprayed axially through a
counterflowing, high pressure inert working gas in an insulated cylindrical chamber.
The droplets transfer heat directly to the gas by convection as they traverse the
heat exchanger and are subsequently collected for recycling through the heat source.
A number of suitable liquid metals and eutectic alloys having negligibly low vapor
pressures in the temperature range of 350-1300*K have been identified. Experimental
studies of droplet formation with mercury have demonstrated that near perfect control
of droplet size can be easily achieved.

While studies of the droplet heat exchanger have shown it to be very promising
for a variety of Earth-based applications, the zero "g" environment of space can lead
to entrainment of the droplets in the gas flow. This problem can be circumvented by
the application of artificial "g" fields and/or by using the principle of the cyclone
dust separator. By configuring the heat exchanger to produce a vortex flow, the drop-
lets can be driven through the swirling gas by the induced centrifugal forces. Since
excellent uniformity of droplet size is possible, the separation efficiency of such a
cyclonic heat exchanger can in principle be made nearly perfect.

Heat transfer in a droplet heat exchanger can occur in either direction--i.e., gas
can be heated by hot droplets or cold droplets can be used to extract waste heat from
a working gas. In the latter case the droplet heat exchanger can be integrated with a
droplet space radiator to make a complete heat rejection loop based entirely on the
droplet concept.

X-3
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DROPLET HEAT EXCHANGERS

o DIRECT CONTACT HEAT TRANSFER

o VERY HIGH TEMPERATURE CAPABILITY

o VERY LARGE SURFACE TO VOLUME RATIO

o HIGH EFFECTIVENESS

o VERY LOW PRESSURE DROP

o SIMPLE CONFIGURATION

o NON-EXOTIC CERAMICS AND ALLOYS

o IMMUNE TO SINGLE-POINT FAILURE AND FOULING

FIG. 9

X-3--8



DROPLET HEAT EXCHANGERS
A.P. Bruckner

Fig. 1. (Self explanatory)

Fig. 2. Schematic of Drop'-et Heat Exchanger Concept

In its simplest form a droplet heat exchanger consists of a column
through which two fluids of different phase and temperature simultaneously
flow in direct contact and exchange energy by convective, conductive and
radiative processes. Heat transfer can occur from either the gas or
liquid phase to the other, depending on the heat exchange requirements.
Injecting the liquid as a multitude of droplets into the counterflowing
gas provides a large heat transfer area. A heat exchanger effectiveness
of 0.9-0.95 is attainable in a compact geometry through proper choice of
operating parameters. Gas'pressure drop through the heat exchanger is
very small. For closed cycle inert gas systems operating over the range
of 350-13000K tin and various eutectic alloys of tin are suitable as the
droplet materials because of their very low vapor pressures and other
desirable properties. Although it is possible to operate the droplet
heat exchanger in a zeo"g" environment, droplet entrainment in the gas
can occur and thus artificial "g" fields or other means to ensure phase
separation are desirable.

Fig. 3. Droplet Heat Exchanger in Brayton Cycle

This figure shows how droplet heat exchangers and a droplet radiator
might be integrated into a typical 50 kW space Brayton cycle power plant.
The cycle parameters were obtained from a LASL study of power plant
elements for future reactor space electric power systems (Ref. 6 in bib-
liography). They are based on a design developed by AiResearch for DOE
(Brayton isotope Power System). In applying droplet heat exchangers to
this particular reference cycle the pressure drops in the heat exchangers
were neglected because they are so small. The conventional recuperator
was retained, although the possible use of droplet heat exchangers for
this purpose is currently under study. Due to the lower pressure drops
the cycle efficiency increases from 25% to 31%.

Fig. 4. Droplet Heat Exchanger Configurations for 50 kW Brayton Cycle
This figure shows the geometry of the two droplet heat exchangers

in Fig. 3. No attempt at optimization was made. The only criterion was
to develop configurations of approximately equal size and compact geometry.
Considerable reductions in size appear possible through judicious choice
of operating parameters. Gas flow rate is 1.1 kg/sec for both heat
exchangers. The liquid metal flow rates are 2.2 kg/sec and 3.7 kg/sec
for the hot and cold heat exchangers, respectively.
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Fig.5. Doplt Het Echaner empeatue Prfil

Fig. 5. Droplet Heat Exchanger Temlertur Profile

These two figures show the temperature and velocity profiles in
the high temperature heat exchange- based on a one-dimensional flow
model (see Refs. 1 and 2 in bibliography). An artificial "g" field of
0.5g is assumed to be set up through rotation of the heat exchanger
around a perpendicular axis. The droplet injection velocity and gas
exit velocity were chosen to be numerically equal to the droplet ter-
minal velocity in the 0.5g field. The initial velocity of the droplets
with respect to the gas is thus twice terminal. Droplets of 0.6 mmn dia.
result in a compact geometry with a length to diameter ratio of 2.

Fig. 7. Schematic of Cyclone Droplet Heat Exchanger

Cyclone dust separators are comm~only used in earth-based industrial
plants and power stations to efficiently and inexpensively separate par-
ticulates from dust laden gases. The principle of the cyclone can be
used in droplet heat exchangers to effect complete separation of the
droplets from the gas. The working gas enters the cylindrical chamber
tangentially, setting up an inwardly spiralling vortex flow which exits
through the central outlet. The liquid metal droplets are injected
axially in an annular pattern and are entrained in the swirling flow,
acquiring a radially outward velocity component from the resulting
centrifugal acceleration. The droplets form a liquid film when they
reach the wall. This film can be driven towards the "bottom" of the
heat exchanger by, again, rotating the device about a perpendicular axis.
In this case very small artificial "g" fields suffice. Other methods
of collecting the spent droplet medium which do not require artificial
gravity, such as porous sidewalls, are being investigated.

Fig. 8. Photograph of Experimental Cyclone Facility

A small scale transparent (Plexiglas) cyclone has been constructed
for experimental studies of gas and droplet dynamics in this type of
device. Single or multiple jet injection is possible. Ethylene glycol
doped with Rhodamine 6-G, a strongly fluorescent dye, is used as the
droplet medium and the swirling two-phase flow field is illuminated with
a temporally chopped and spatially expanded argon-ion laser beam. A
camera records the flourescing droplet streaks from which droplet veloci-
ties and trajectories can be obtained. Gas flow parameters are measured
using static pressure taps and pitot tubes.

Fig. 9. (Self explanatory)
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I
Q & A- A. P. Bruckner

From: H. Brandhorst, NASA Lewis Research Center

In countercurrent droplet heat exchanger, will there be
a problem with the gas flow causing coalescence of droplets
and also causing wall collisions?

A.
Droplet coalescence is not likely to be a problem due to

the low volume fraction of droplets (\ 10-3) and low flow
velocities. Furthermore, liquid metals have very high surface
tension, - thus small droplets would require a greater colli-
sion energy than is likely to occur.

Wall collisions are a more likely problem, currently under
investigation.
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Extemporaneous Remarks

Preceding D. M. Ernst's Papers 4 and 5

Session X

Heat pipes are deceptively simple devices. This is borne out by the

fact that almost all of the future space systems presented at the

Space Prime Power Conference have the heat pipe as an integral part

of the design. However, only the organizations involved in actual

heat pipe development and testing spoke of the need for improved

theoretical understanding and fabricatiorial techniques for enhanced

heat pipe performance.

To some the age of the heat pipe has come and gone, to others it is

in the future. Paraphrasing Garry Mullin and the famous Canadian

football owner, the future is now. Thanks to Will Ranken and other

speakers the ground work for the need for heat pipe research has been

laid. The important thing to remember about heat pipes is their

applicability to almost all systems discussed at this conference.

Heat pipes are horizontially disposed components in a vertically

orientated technology. They can be useful from several degrees Kelvin

to 3000 K. Heat pipes can be used for:

o Cooling semiconductors-power conditioners-transformers and other

on board electronic components.

o Heat removal from nuclear reactors or other heat sources.

o Heat rejection from energy conversion devices.

o Thermal management within the spacecraft.

x-4-2



From the rebirth of the heat pipe in 1.963, to the shutdown of the

U.S. Space Reactor Program in 1972 the heat pipe was an object of

curosity and not taken seriously by many. The R&D effort was sporadic

and funding sparse.* When DOE/NASA initiated work in 1979 on what is

f now known as SP-lOO, the heat pipe was an accepted key technology

component and development began. What has been missed is some

fundamental research on the basic understanding of the heat pipe

which is now coming into focus as a result of technology devetlopiuent.

Heat pipe research for advanced space systems should include:

" Innovative designs including:

- Unfurlable thin film plastic and/or metal heat pipes for

low mass radiators.

- Space fabricated heat pipes to remove earth constraints

on design.

- New wick concepts for low mass designs.

" Materials technology including:

- Carbon/carbon and graphite envelopes for low mass heat

pipes.

- New fluids.

- New and refined metals and alloys for long life envelopes.

o Heat transfer problem

- Evaporation, vapor transport, and condensation in a

self pumped closed system in thermal equilibrium.

- Impurity levels and their effects on heat pipe life

performance, erosion/corrosion and mass transfer.

o Fabrication technology

-High performance wick structures.

5 x-4-3



- Integral wick and envelope structures.

- Improved fluid loading and processing.

An example of the capability of thin film evaporation is a test recently

carried out at Thermacore in which an excess of 2 kW/cm2 was dissipated

by the evaporation of water in an unpressurized system as compared to

the hundreds or thousands of pounds water pressure normally required

for forced convective cooling of high heat flux devices.

Today, I want to specifically address the need for new low temperature

heat pipe fluid/vessel combinations and improving the understanding of

thin film evaporation from a self pumping wick structure.

Before proceeding I would like to address Will Ranken's comment on the

need for radiators with a mass less than 0.05 kg/kWt. In the late

1960's, RCA built and tested a 50 kWt radiator for a potassium Rankine

system. The individual heat pipes radiated 500 watts * 1000 K and had

a mass of 50 grams, which is 0.1 kg/kWt. Maybe part of the answer to

low mass radiators is higher heat rejection temperatures achieved by

more efficient energy conversion devices.

X
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3THE NEED FOR

IMPROVED HEAT PIPE FLUIDS

D. M. Ernst* - G. Y. Eastman**
Thermacore, Inc.3 Lancaster, PA

Abstract

Low mass high performance radiators and thermal management systems

need to be developed for advanced space systems. The key to these new/

j improved thermal systems are high performance heat pipes. One aspect in

achieving low mass/high performance heat pipes requires working fluids

j compatible with low mass materials of construction, such as aluminum,

magnesium, beryllium and titanium. The application of heat pipe systems

J in manned spacecraft also requires the use of low or non-toxic working

fluids.

The development of new or improved heat pipe fluid/vessel combinations

for advanced space systems should be carried out. Two approaches worthy

of investigation are: the synthesis of new high performance fluids

compatible with appropriate envelope materials and the development of

integral impervious coatings and/or passivation to prevent the reaction

of currently acceptable working fluids with the envelope.

Background

IHeat pipes have successfully been used on board space systems and
are currently being designed as key components in advanced systems.

Applications range from the heating (heat removal from the reactor) and

cooling of thermoelectric modules (large high temperature radiators) for

the SP-100 and cryocoolers for surveillance satellites, to thermal

I buses and space constructable radiators for large scale thermal utility

systems and the cooling of instruments and power cumponents.

j These and other heat pipes for space systems applications are in

various stages of development. However, since the heat i.ipe is generally

looked upon as a thermal super conductor, the required performance

pushes the state-of-the-art of most heat pipe systems. This trend will

continueas the system size increases from the current 100 kWe to 1-10 MW

continuously operating systems. Accordingly, new ideas need to be contin-

uously generated to improve heat pipe performance.

Vice President and Chief Technical Officer, Thermacore, Inc.
** President, Thermacore, Inc.
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There are several factors which control the performance of heat -

pipes in gravity free space. The most commonly acknowledged one is the

liquid transport factor or figure of merit which relates the working

fluid's ability to transfer thermal power through a frictionless unit

area duct. Closel.y aligned to the figure of merit is the wick's -

permeability, which is the unit area friction factor, and capillary

radius which generates the liquid pumping pressure.

Need

The ability to fabricate wicks with low permeability and small

capillary radii is a strong function of the choice of heat pipe envelope

and wick materials and their formability. Likewise the working fluid

for a given heat pipe must be compatible with the wick and envelope. Thus

there are fluid/envelope combinations which are not currently used, which

if implemented could increase the applicability of the heat pipe as would

developing new high performance fluids in the 500-800 K range. Several

low temperature fluid/envelope combinations not currently useable include

water/aluminum, methanol/aluminum, and ethanol/aluminum, Magnesium

for low temperature and beryllium and titanium for high temperature

are also candidates for low mass envelopes and need to be tested with

appropriate known and new working fluids.

Improvements in heat pipe systems could be achieved by the develop-

ment of new fluids and compatible fluid/envelope systems. This objective

could be reached by several methods including the passivation or

application of a coating to the envelope and wick to prevent reaction

with the working fluid and the synthesis of new fluids.

Methods

Methods of passivation and/or application of a fluid compatible

coating worthy of investigation include diffusion of metals into the

surface, the physical or chemical vaporization of metal on to the surface

with or withut a subsequent diffusion and the addition of minute chemical

impurities to the working fluid to reduce, alter or regenerate the

reaction process.

Examples of the use of thin protective coatings for heat pipes

are the water compatible steels which have operated as heat pipe envelopes

at temperatures up to 200-C with undegraded life times in excess of 35,000

hours. These steels utilize an integrally formed, continuous thin film

X-4 -6



I
of a complex aluminum/titanium/silicon oxide to form the protective

barrier.

The key to a protective layer is one which is non-reactive with

the working fluid, is flexible and does not spall off the base material

upon thermal cycling. Aluminum oxide is non-reactive with most fluids,

but it is not flexible and its thermal expansion does not match that of

aluminum thus promoting cracking of the protective oxide layer. Coatings

of protect aluminum from reacting with heat pipe working fluids could use

metals and alloys containing one or more of the reactive elements including

titanium, silicon, yttrium, and possibly hafnium, tantalum and niobium,

thus forming a protective metal/oxide layer which has flexibility and/or

a good thermal expansion match.

Higher temperature heat pipes could use low mass envelope materials

ofberyllium, titanium and their alloys, with or without coatings, with

known working fluids or newly developed ones.

An alternative to coating the envelope to protect it from reacting

with the working fluid is to have a non-reactive working fluid. Preliminary

tests at Thermacore indicate that impurities in methanol, ethanol and

acetone may be the reasons these fluids generally are not considered

compatible with aluminum. These tests also indicate that impurities in

the aluminum left as a result of heat pipe fabrication may also cause

fluid/envelope incompatibility. Accordingly, a better understanding of

the chemistry of the real system may provide the way to a compatible

system.

A second alternative to protective coatings for envelopes is the

synthesis of new fluids specifically designed for heat pipes. Thermacore

under contract to DOE uncovered several previously unknown heat pipe

fluids for use in heat pipe solar collectors. The fluids, trimethlborate

and tetramethylsilane led Dr. Alan G. MacDiarmid, Thermacore's consultant

in chemistry, to believe that a family of heat pipe fluids could be

synthesized by the controlled hydrolysis of the organosilicon monomer

(CH30)4Si, to form short chain polymer and cyclic species. These fluids

would be for the use in the 475-775 K range and have unknown compatibility

with low mass envelope materials. However, a fundamental study and

synthesis of new and/or previously known compounds should be considered

for the development of new high performance heat pipe working fluids.
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Summary

There exists a need for improved working fluids for use with low

I mass heat pipes for advanced space systems. The approaches to achieving

improved working fluids include:

o The coating or passivation of the envelope and wick to permit

the use of fluids which normally react with the envelope and

wick.

o The purification df fluids and/or the purification of the

envelope to remove unwanted elements on or embedded in the

surface.

o The synthesis and study of newly designed fluids.

o Investigation of alternate materials such as magnesium, beryllium

and titanium with and without passivation or coatings.
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ENHLANCED HEAT PIPE

THEORY ANTD OPERATIO&1

D. It. Ernst* - G. Y. Eastmuan**

Thermacore, Inc.

Abstract

Heat pipes to extract heat from the cores of compact fast reactors

require unusually high power densities. This performance appears to be

feasible, but necessitates more detailed exploration of theoretical and

operational limits than has then carried out to date. Closely aligned

to heat pipes for heat removal from the core are the low mass high

performance, high temperature radiator heat pipes.

Muich of the work concerning the theory and operational limits of

high performance beat pipes has been hit or miss, distorted by funding

limits or specific mission requirements. To reach the levels of performance

required by large space power systems, the work must be unified, a fully

descriptive analytical model developed and the analyses experimentally

verified. The areas requiring the greatest attention are the startup and

shutdown characteristics of long heat pipes, the limits on wick-augmented

thin film evaporation (burn out heat flux) and the prediction of the

true temperature profile along the heat pipe. It will also almost

certainly require exploration and analysis of higher capacity capillary

wicks than have been demonstrated to date.

Background

During the decade of the 7 0's the heat pipe became an integral part

of most prime power space system concepts. Some of these concepts, the

120 and 400 kW a nuclear electric propulsion (NEP) and the SP-100 systemis

have entered into technology development programs. These programs have

*Vice President and Chief Technical Officer, Thermacore, Inc., Lancaster, PA
**President, Thermacore, Inc., Lancaster, PA
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scratcnea erne surtace and snow tt1e need for improved heat pipe theory

and operation.

The attached figures show: the only full scale (50 kW ), highkt)

temperature (1000 K) space radiator built using heat pipes (RCA - AF),

the 400 kW thermionic and 120 kW thermoelectric NEP systems (Thermacore-e e

JPL) and the SP-100 system (LAL-DOE). Heat pipes which have been buiit

and tested for these systems include: a transition and radiator heat pipe

for the NEP system (Thermacore) and the radia~tor heat pipe for the

SP-100 system (LAHL-Thermacore). A core heat pipe for the SP-100 is

currently being put together at LAI4L. Thermacore under contract to DOE

demonstrated a sintered powder metal wick in a non-limited lithium heat

pipe which transported 21 kW/cm 2 through the vapor space at 2100 K.

These isolated demonstrations, while being successful in their own

right also pointed out the need for a deeper understanding of the

fundamental processes of self pumped two phase flow in a closed container.

These processes include the intricate balance in achieving thin film

evaporation in the wick without dry out. To prevent dry out or boiling,

the wick must be thin, however, as the wick becomes thin the crossectional

area for liquid flow is reduced. These two phenomena, liquid flow in a

capillary wick and thin film evaporation are in direct opposition to one

another.

Evaporation from a wick has the advantage that as the power density

increases the level of liquid is reduced. However, it is this reduced

liquid level which ultimately causes dry out. Also the fact that the

liquid and vapor in a heat pipe are in quasi-equilibrium introduces a factor

which generally is not the case for other boiling/evaporating systems.

The fundamental understanding of the evaporation of working fluid

from high performance wick structures needs to be carefully studied. Some

j of the higher performance wick structures, some demonstrated, some untried

are seen in the enclosed iigures.

3 X-5-1
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In addition to the thin film/wick evaporation process in heat pipes

but closely aligned to it is the performance of long heat pipes under

varying conditions. i.e. what are the consequences of short and long term

startup and shut-down sequences on the operation of the heat pipe.

Also of great importance is the actual temperature profile of the heat pipe

under these varying conditions.

Thermacore has taken the first step in looking at this problem by

writing a computer program which forces the internal two phase flow

calculations to be influenced by the external conditions into which the

heat pipe operates. However, this program does not take transients into

conaideration. It does take thin film evaporation into account but does

not allow this to be a limiting factor, since the process is not fully

characterized.

Summary

High performance, high temperatura heat pipes are a key element for use

in future high power space systems.

Fundamental understanding of several inter-related processes need to

be investigated and include:

o Thin film evaporation

o Self pumping wick structures.

" Quasiequilibrium of liquid and vapor.

" Heat fluxes and temperatures compatible with space power systems. I

o Temperature profiles and stability during

o Short and long transients during startup and shutdown. I
o Steady state. 1
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Fig. End cap with ED welded fill tube.

Fig. End view of a titanium heat pipe showing a laser end cap to tube weld.
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Q & A - A. A. Fowle

From: P. J. Turchi, R & D Associates

Question re: Interaction of space environment (magnetic

fields, etc.) with liquid metal ribbon radiator

Answer:

I'll submit to author. I presume your concern is with
electro-magnetic effect on moving conductor. I'd venture
effects too small to threaten integrity of ribbon system.
They are in common with droplet spray radiator.
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SOFTWARE FOR COMPARISON AND OPTIMIZATION OF POWER SYSTEMS

3 by
Greg Berry

Argonne National Laboratory
Argonne, Illinois

IInterest in examining alternative power system concepts have increased
recently. Such analysis have become very involved, regardless of the degree

of sophistication employed in modeling the individual component models of

* the system or the extent of the property data base used. Specification of

the models, interconnecting flow streams, property data, constraints indepen-

dent variables and objective function (for optimization problems) can

quickly become a formidable task, especially in attempting to conform to

the format of any particular systems code.

The systems code presented herein has been designed for the non-expert

user by the development of a sophisticated language translator and executive

code preprocessor. These two modules also permit great flexibility in

allowing the user to specify the system in his own style rather than con-

forming to a rigid structure dEtermined by a precompiled computer code.

The user may also choose his only naming convention and can use free format

input.

This paper will also be concerned with the solution procedures avail-

able. The systems code uses Powell's hybrid method for solving N-dimen-

Isional non-linear equations and Brent's method for a 1-dimensional equation.

Powell's variable metric constrained method is used for N-dimensional non-

linear optimization and Brent's method for the optimization of one variable.

3 This systems code (SALT) has been written to be used as an evolving

analysis tool rather than a definitive encompassing code. It is easy to

modify the code (which is completely modularized) to meet particular needs,

especially to include the users component models which may be of interest

to him.

IX-8-1
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EVALUATION REQUIREMENTS FOR ALTERNATIVE CONCEPTS

This vlewgraph describes the requirements for performing the necessary

evaluations of different system concepts. As the system becomes mare com-

plicated, and as some of the alternatives become seemingly less comparable,

a systems code is needed to handle the complexity and assure a commnon basis

of comparison. Optimization capability is important because it allows the

evaluator to examine a full range of parameters and select the best parameters

for each concept for the various scenarios the evaluator is interested in.

Not only must the evaluator be concerned with the system comparison, but

he must also make sure the system performs as stated in the system per-

formance specifications; therefore, he needs a means to check system

performance. Risk/Benefit analysis is perform~ed because the bottom

line is usually economics and thus cost models, economic models and fore-

casting models should te included in the evaluation. Finally, the evalu-

ation itself will cost time and money, thus the e valuator will prefer

inexpensive and fast methods of comparison.
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SYSTEMS CODE

I The systems code (SALT) is in actuality a combination of many modules.

These modules and their function are: (1) a language translator to allow

the user maximum flexibility in specifying the system configuration with

a minimum amount of syntax; (2) a preprocessor which uses the data gen-

erated by the language translator to assemble a meaningful system,

correctly formatting each statement, and then writing a driver using

the computer language compiler; (3) a driver whose function is to control

and monitor the solution of the system analysis problem; (4) an interface

to couple the code hierarchy to the elements representing the actual system

to be analyzed; (5) component models which simulate the performance of the

actual system components; (6) a property library (or libraries) to provide

state point information; (7) utility subroutines which perform the actual

computations and are also common to the higher level portions of the

systems code; (8) solution procedures, the numerical essence of the code

(e.g., equation solvers and optimizers) which should be the state-of-the-

art in numerical software; and (9) output processing to present the results

in a form understandable by the user (including pertinent error messages

and graphics packages).

1

I
I
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I EXECUTIVE CODE

I
The executive code has several functions. First, it must connect

the component models in the correct manner to simulate the system under

study. Secondly, it must process the flow of information (e.g., thermo-

I dynamic properties, power, cost) between the component models. Thirdly,

it must make sure all of the constraints on system performance are met.

Fourthly, it must select the type of problem to be solved (e.g., optimiza-

I tion, parameter sweep, operation simulation or design analysis). Finally,

it must select and monitor the solution procedure to assure progress is

I being made.

I
I
I
I
I
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SOLUTION TECHNIQUES
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SOLUTION TECHNIQUES

i A modification to Powell's hybrid method is the equation solver used

because it is the fastest and most reliable for the general non-linear

J problem. Other methods are also available if the user wishes. The

methods have been coded so that they are in an inverse calling sequence;

I hence, they can be recursive and be used by the component models and/or

the property library routines simultaneously with the executive code.

To make a problem more manageable, it is also possible to nest the sub-

systems. A built-in self scaling capability has eliminated errors

eminating from a set of poorly scaled equations. By retaining the

Jacobians, automatic restart is possible. This greatly reduces the

computational time for many problems (e.g., parameter sweeps).

Powell's variable metric constrained method is used to solve the

generalized non-linear optimization problem. Again, it has inverse

calling sequence (for subsystem optimization) and nesting. A polyagorithmic

optimization routine is also available for highly non-linear problems. In

this routine optimization is automatically switched between several optimizer s

depending the apparent smoothness of the objective function iterative

( evaluations.
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3 PROCESS MODELS

I Most of the models currently available were developed to model

I coal-fired power plants (including MHD, fuel cells and combined cycle

gasification). These models are used to calculate accurate process

information which is then used in the component models. All models

needed to simulate certain types of coal-fired power plant performance

I are available. The user can also supply his own models and connect it

to the system through the interface module.

1
I
I
l
I
I
I
l
I
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LONG RANGE ACTIVITIES

There are specific areas where we project a systems analysis need

and are processing the state-of-the-art to meet those needs.

A heat exchanger configuration optimization code has been developed

(not fully tested) that can automatically reconfigu:.ate a heat exchanger

network to select the minimum cost design subject to thermodynamic and

process limitations. Hopefully, this technique can be extended to the

entire power system.

Risk assessment implies probability analysis. Using chance constrained

programming techniques, the existing system code can be used to solve

generalized system stochastic programming problems.

Work is underway to determine if the existing system methodology can

be extended to the power system control problem.

Daily cycle analysis have been perfGrmed for very simple systems with

time dependent capacitance. It is planned to extend this method to

life cycle analyses of power systems.

1
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UNCERTAINTIES IN THERMAL-STRUCTURAL ANALYSIS OF LARGE SPACE STRUCTURES

Earl A. Thornton, Associate Professor
Mechanical Engineering and Mechanics Department

Old Dominion University
Norfolk, Virginia 23508

ABSTRACT

Uncertainties in the thermal-structural analysis of large space structures

are briefly described. Thermal-structural design challenges faced by structural

I engineers are highlighted. Some basic questions arising in predictive analyses

* are identified and illustrated with recent research. Areas for further research

are discussed, and the need for fundamental thermal-structural experiments is

cited.

INTRODUCTION

The flights of Columbia have given added impetus to large space structures

research. The United States is developing large space structures to be placed

Ln earth orbit during the last two decades of this century and the early part

of the next century. These structures of precedented size and complexity

present significant challenges to structural engineers. Their large size but

stringent requirements for small deformations have focused attention on the role

I of thermal effects on the structural response. Utilization of multimegawatt

3 power systems may have a significant effect upon the structural design. This

paper briefly describes challenges faced by structural engineers and identifies

3 some uncertainties in the thermal-structural analysis (T-S-A) of large space

structures.I
I
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A TETRMDAL TRUSS SPACE STRUCTURE

To illustrate acme aspects of the challenges arising in the design of large

space structures consider a parabolic tetrahedral truss designed to support a

microwave radiometer. The truss has a diameter of 7253 (2380 ft.) yet operational

requirements limit surface deformations to within approximately 6 mm (0. 020 ft.).J

The role of thermal deformations in the structural response thus has basic

importance. A fundamental impediment to the analysis and optimized design of

such structures is the size of required analytical models; the structure shown

consists of 900 nodes and 2700 members. The structural analysis alone involves

solving 2700 time-depvdent simultaneous equations. Because of their light

weight, high stiffness and low coefficient of thermal expansion (CTE), advanced

composites are the structural materials under consideration. Although advanced

comuposite materials have been extensively studied for low speed aircraft, there

is a lack of understanding of:z (1) their properties over the wide temprature

range experienced in space, and (2) their performance in the long-term cyclicil

thermal environment of earth orbit.
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MOTIVATION FOR HIGHLY EFFECTIVE T-S-A

Although the thermal-structural response of earth satellites has been

considered for over two decades, the necessity to predict and control thermal 1
deformations of large space structures within very small tolerances has caused

z re-examination of existing analytical capabilities. Important factors under-

lying the need for effective analysis methods include: (1) the size of the

proposed structures will limit ground testing, (2) the design of active an'

passive structural control systems depend on a knowledge of distortions, (3,

structural designs and materials introduce novel problems, and (4) the cow

thermal environment of space requires solution of very large nonlinear, tra it

thermal-structural problems.
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SOME UNCERTAINTIES

The basic uncertainties concern the capability and reliability of the

analysis methods required to predict heat loads, temperature distributions and

structural response. The interaction between these analyses is significant,

and important questions remain unanswered. Examples include: (1) What is

the required accuracy of temperatures needed to predict deformations (sensitivity

effects)?, (2) How are such large structures best modeled?, (3) Are our computer

programs efficient enough to do such large analyses?, and (4) How significant

are structural nonl~inearities? There is a clear need for additional data to

define structural material properties and material performance in space. The

required precision of this data is not clear, however, because of the interaction

between thermal-structural analysis. In other words, how sensitive are predicted

thermal distortions to thermal-structural material properties? Additionally,

there is a general lack of understanding of the dynamic performance of large

space structures including thermal effects. Are thermally induced structural

dynamic distortions important? Are structural dynamic instabilities possible?

To illustrate some of the uncertainties previously mentioned, results from

current research are presented in the next three figures. In each example, a

number of uncertainties arise indicating the need for additional study.
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SHADOW EFFECTS OF SPACE TRUSSES

The effect of slender member shadowing effects at a typical point on a

truss member are illus trated by the temperature history shown. The numerous

short-duration drop. in temperature indicate the passage of shadows of

adjacent truss members. The large, longer-duration temperature drop near the

center of the history denotes passage through the earth's shadow.

The prediction of the details of slender member shadowing effects is quite

complex and therefore is very expensive for a truss with thousands of members.

A basic question exists- Is the consideration of slender member shadowing effects

required for accurate prediction of structural deformations?
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THERMAL EXPANSION OF GRAPHITE/EPOXY

The thermal expansion of eight layers of a unidirectional graphite epoxy

specimen, [O8  is shown for a representative temperature range encountered

in earth orbit. The slope of the curve, the coefficient of thermal expansion

(CTE), is the most important structural material property needed to predict I
thermal distortions. The data from this test shows the CTE varies significantly

with temperature. (In contrast, the CTE of aluminu varies less and is always positi]j

over the same temperature range.) The CTE data shown, however, is only part of

the information required since structural members are designed as laminates

with layers oriented at different angles. Additional data is needed to define I
the CTE of actual laminates and ascertain how these properties will vary in

space. I

9
I
I
I
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ISOTERMAL VIBRATION AND BUCKLING OF PRETENS10NED STRUCTURES

Effects of stay (cable) pretension on the vibration and buckling behavior

of a stayed column are shown. Cables are basic structural components in

several current space structures, but they are difficult for structural

engineers to analyze because they support only tensile loads. The results

show the importance of cable pretension and cable slackening on two masures

of the structural performance in an isothermal environment. How do the

thermal effects encountered in a typical earth orbit affect the performance of

pretensioned structures?
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CONCLUDING REMARKS

Some representative uncertainties in thermal structural analysis (T-S-A)

of large space structures are described. The figure lists important areas for

further study. Additional computational experience is needed to further

delineate problem areas. These computations should be performed on well-

defined structures including realistic material properties and heat loads. I
Computations with preliminary structural designs have only partially identified

some of the proLlem areas in analysis capabilities. Improvements in capabilities

and efficiency of computer programs will undoubtably be required. Finally, many

of the uncertainties will be finally resolved only through the interplay of

analysis and experiment. There is definite need for fundamental thermal-structural

experiments to validate the analysis of large space structures.
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POWER AND ELECTRIC PROPULSION
ROBERT J. VONDRA

AIR FORCE ROCKET PROPULSION LABORATORY
EDWARDS AFB CA

The Air Force Rocket Propulsion Laboratory considers prime space power and
primary electric propulsion to be enabling technologies for future Air Force
missions. However, primary thrust requires power not yet available. Therefore,
not only must the propulsion systems be developed but so too must the power
sources to energize them.

Until now electric thruster power requirements for auxiliary propulsion
applications, have been modest and not a deciding factor in the selection of
electric propulsion. Modest payoffs and the reluctance of mission planners to
try something new have been the major reasons for the paucity of U.S. electric
flights. But, as the enclosed figure showb, other countries, particularly the
U.S.S.R. and Japan, have been actively pursuing the development and use of
electric propulsion. This foresight will reap significant benefits as mission

Vs (velocity increments) increase.

Recent studies have shown that there is a trend towards large space system
(LSS) missions requiring high 8 V. High Z V requires high specific impulse as
shown in the following rocket equation:

7no

AAAV

~ ~ 7~ ikA~4T~riOr4AL- C.0N.IJt :~ S AC

The rocket exhaust velocity (or equivalently specific impulse) must be
ccparable to 4 V if the fuel to spacecraft mass fraction (mf/m o ) is to be
reasonable. Future mission Z Vs, expected to be on the order of 1,000's m/s (up
from 100's m/s today), will require specific impulses of thousands of seconds for
reasonable mass fractions. For example, the 6 V for a low earth orbit to
geosynchronous earth orbit (LEO-GEO) transfer ia approximately 5,000 m/s. Thus,
the mass fraction for a chemical propulsion system with a 300s specific impulse
is 80%. The mass fraction for an electrical system (3,000s specific impulse) is
15%. This means that 32,000 lbs of fuel are required to chemically propel a
40,000 lb spacecraft (8,000 lbs payload, 32,000 lbs fuel) from LEO-GEO, but only
6,000 lbs are required if electric propulsion is used.

The rocket equation and the preceding example point out the weight savings
available when electric propulsion is used and Z V is high. However, thrust

XI-2-1
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levels are usually high too (for electric) and resulting in the demand for larger
amounts of power. Generally, 1 pound of electric thrust requires 250 KW of
electric power. The following is representative of anticipated power needs:

O>tir- CON-1OL- Ls Fewj lo 71 0 .

Cv4,JA61L.(. 0 / /0 y..S
L6-eD -1-A.?5FeR/v. 10 V ~- mLA tr-of-H.A

Solar power is probably suitable for the first two ranges and nuclear for the
last. The last is representative of missions that require a pound of thrust at
several thousand seconds specific impulse.

To reitexate, primary electric propulsion and prime space power are enabling
technologies for big and ambitious space missions. Unless the U.S. gets serious
about developing these technologies it will be s.cond to the Russians in the
peaceful and military uses of space. The U.S.S.R. has already space tested
nuclear-electric propulsion and, as shown in the figure, is expected to make
these systems operational during this decade.
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POWER CONVERSION: OVERVIEW
| **

J. Preston Layton
Consultant

ABSTRACT

The central position of power conversion systems
in relation to other elements of space power systems is
identified and the recognized types of power conversion
are shown to be: photovoltaic, thermoelectric, Brayton

gycle, Rankine cycle, Stirling cycle, thermionic and electro-
magnetic.

The requirement for space electric power levels
versus calendar years are presented historically and pro-

jected beyond the turn of the century.

A number of space power system. that may employ

thermoelectric, Brayton, Rankine and manetohydrodynamic
power conversion are illustrated and discussed.

The need for mission and systems analyses to
support the identification of applied research in power

conver'sion is argued and the approach for conducting these

analyses is presented.

I
I

Prepared for presentation at APOSR Special Conference on Prime

Power for High Energy Space Systems, Norfolk, Virginia,

22-25 February 1982.

60 Penn-Lyle Road, Princeton Junction, NJ 08550, USA,

(609) 799-3094.

5 xI-4-1



.I

II
I ,

"THERE IS NOTHING MORE DIFFICULT TO TAKE IN I
HAND, MORE PERILOUS TO CONDUCT, OR MORE UNCERTAIN

IN ITS SUCCESS, THAN TO TAKE THE LEAD IN THE INTRO-

DUCTION OF A NEW ORDER OF THINGSN

MACHIAVELLI'S "THE PRINCE"

I

TO DITHER AND DELAY ANY LONGER IS DAFT"

LORD ORR-EWING
CHAIRMAN,
BRITISH METRICATION BOARD
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PARAMETRIC SYSTEMS ANALYSIS APPROACH TO ADVANCED MISSIONS1

&RESOURCES

PEFORMANCE ANALYSES
incl. Comparative Alternatives

" System Analysis and
Synthesis

" Mission Node, incl.
Trajectory Analysis

* Optimization
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1
Comments on the "Special Conference on

Prime-Power for High-Energy Space Systems" and I
specifically on the "Heat/Systems Session"

I would like to first comment on what I found important and needing

further investigation in the section that I chaired. First, it must be

emphasized that heat transfer and disposal must be addressed simultaneously

with power generation; essentially one watt or more of heat must be disposed

of for each watt of power required.

An issue not mentioned in the discussions of power this week has been

contamination. Many of the approaches to high continuous or pulse power have

a high contaminagion capability. The problems that this could cause must be

considered in any proposed power system.

The session on "Heat/Systems" identified several areas where additional

basic uiderstanding would appear to be required:

a Heat pipes, both at high temperatures and at lower temperatures,

are critical to many concepts including reactors. The capability to predict

the physical properties of some heat transfer fluids would be highly desirable

for new fluid development. An understanding of the fundamentals of the

operation of heat pipes in zero g. environment could permit more rapid design

optimization and increase the confidence in the long life design of these units.

* Papers in this session and in other sessions would suggest that

additional work on the fundamentals of two-phase flow with respect to heat

transfer might be an important research area.

• Studies of new concepts in heat transfer such as liquid film and

droplet radiators must be supported as the concepts are brought forth. How-

ever, early systems design must be considered with any new concept to assure

proper compatibility can be achieved.

* In the area of large structures that will be required to support

these large vehicles and power systems, the need for better data o. the

on the properties of materials will be critical (as it is in many of the areas

covered here). Any properties data study must address the environments

appropriate to the use of the materials.

XI-9



.I might also suggest that analytical techniques, computational

procedures, may not be adequate for efficiently predicting the statics

and dynamics of such large structures.

* Finally, in the area of reliability, optimization of real-time,

on-board management of the thermal, power, and stabilizing systems may

require more system dynamics capability than we presently have.

I would like to thank the authors for a most interesting group of

presentations.

overall, I have sought to find themes or basic research needs that

might be required in general to efficiently deploy a large long-life power

system. Many have already been mentioned, e.g., materials properties and

development. One particular general area requiring much work is the study

of interfacial processes under conditions that are appropriate to the

applications. All power systems require extensive contacting of dissimilar

materials such as insulators to conductors and coolant fluids to thermally

conductive surfaces. A system must maintain a high reliability for a long

time (2 - 10 years). This implies that slow interfacial processes can

degrade a system in ways that can only be defined by measuring slow overall

rates or by accelerating individual chemical or physical processes and

applying-these data to an appropriate overall model of the gross interfacial

process. Understanding how interfaces change or degrade can directly impact

corrosion, heat transfer, and other measures of efficiency. I would urge

support in this area.

Finally, I would like to comment an what is trying to be accomplished.

I think that "enabling technology" really defines an optimum technology that

can be foreseen at a certrin time. Unfortunately, the driver for this tech-

nology is defined need, generally in terms of a defined system requirement.

if tens of kilowatts continuous and/or megawatt pulses were required twoI years from today, we could do it by several old technologies ... and lots of

shuttle and Titan launches. This would be unfortunate for the nation because5 the immediate coat would be enormous and many of the concepts and research

requirements that could lead to a more efficient system would be frozen by

XI-9-1



the immediate need. Therefore, we must begin now to provide the basic and

applied research inputs and to define the engineering design aid development

concepts that will provide the technology at the required reliability when

high power in space is demanded.

C. C. BADCOCK
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